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INTRODUCTION 
Improvement in the quality of both livestock and live­
stock products has been possible by advances in both husbandry 
and processing techniques. Increased quality in milk is due 
to a combination of better management, disease control, nutri­
tion, breeding and selection of dairy cattle, in addition to 
improved milk handling and processing. The animal breeder is 
primarily concerned with breeding and selecting the dairy 
cattle best adapted to his particular condition that will 
produce the largest quantity of milk suitably high in quality. 
The animal breeder uses heritabilities and genetic correla­
tions to determine breeding plans and selection programs. 
In computing heritabilities from field data, any genetic 
environmental interaction present must be apportioned either 
to heredity or to environment, or divided between these two 
main effects. This could lead to a bias in the heritabilities 
if the interaction is large and not properly apportioned. 
Field data will not yield an accurate estimate of the inter­
action since they pertain to relatives possessing only s frac­
tion of genes in common. This does not allow the investigator 
to obtain a clean estimate of the interaction. In the mean 
squares in the analysis of variance concerning these rela­
tives, the interaction component is confounded with some 
residual genetic variance. However in monozygous twins the 
genetic environmental interaction can be evaluated by the 
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difference between the error term of split twin pairs in which 
pair members sre treated differently and the error term of 
uniform pairs in which both members of a pair are treated the 
s ame. 
If the genetic environmental interaction is large, hered­
ity "good" in one environment may be "poor" in another. If 
this interaction is relatively small, the breeder should 
select breeding stock in whatever environment will allow the 
genes of his breeding stock the best opportunity to express 
themselves. This environment may not necessarily be the same 
as provided in the commercial herds for which the breeding 
stock is being produced. However, as Lush (1948a) noted, if 
this source of variation is large, the ideal breeding plan, 
tends toward producing a separate variety for each ecological 
niche which is large enough to justify the cost of maintaining 
a. specialized variety. 
Genetic correlations computed from twin data are unique 
in that they include the additive, dominance and epistatic 
deviations in toto, instead of known fractions of the addi­
tive plus a somewhat uncertain fraction of the non-additive 
deviations, as do the genetic correlations obtained from other 
relatives. The extent to which genetic correlations are in­
fluenced by genetic environmental interactions may be seen by 
correlating twin pairs which are on split environments and 
comparing these results with the corresponding correlations 
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•when the members of each pair are treated the same. 
Twin studies of genetic parameters should augment data 
from field studies. If the genetic environmental interaction 
is indeed important, monozygous twins afford a precise evalu­
ation of it for the specific conditions of the experiment. 
If this interaction is unimportant, twin herds may be used to 
determine whether differences in heritebility exist under dif­
ferent levels of nutrition and management. Twins may be util­
ized in field studies by separating pair members and raising 
them contemporaneously in herds with different production 
levels to evaluate quantitatively the effect of different 
systems of feeding and management currently practiced. 
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REVIEW OF LITERATURE 
The abbreviations MZ for monozygotic and DZ for dizygotic 
will be used throughout this thesis. As defined by Hancock 
(1954), monozygotic (MZ) is used for the various synonyms: 
monochorionic, one-egg, monozygous, and identical, to indicate 
twins which have developed from one ovum fertilized by one 
sperm and which thus possess identical genes. Dizygotic (DZ) 
describes twins which, in contrast, have developed from two 
different ova and which are thus as unlike genetically as 
full sibs-
Since environment provides the media through which the 
genotypes must express themselves, it is necessary to con­
sider the conditions and regimes governing the existing twin 
experiments before evaluating their results. 
The conditions affecting the first growth experiment of 
the currently operating projects, at Wiad, Sweden, were de­
scribed by Bonnier and Hansson (1946). The MZ twins were all 
members of the Swedish Red and White cattle breed, and began 
the experiment at from 18 to 33 days of age. Each animal was 
fed individually and weighbacks were recorded daily except for 
the summer when the animals on the high plane of nutrition 
were pastured. In subsequent experiments the food for each 
animal on all rations was weighed individually all through 
the year. One member of each pair was assigned to. a high 
plane of nutrition, the other to a low plane. The animals 
on the high plane were fed approximately 30# more Scandinavian 
feed units than the normal ration for that age, while those 
on the low plane received approximately 30# less than normal. 
The heifers were not bred until IS to 20 months to diminish 
the effect on milk yield of calving at different ages. 
Donald (19 53) reported that in 194S the Animal Breeding 
Research Organization began a search for MZ twins in the mid-
western counties of England. Most of the calves were bought 
at 4-7 days of age, mainly from non-pedigreed breeding. 
Selection for health was exercised by the officer collecting 
twins and he was instructed not to purchase pairs the members 
of which were markedly different in weight. The husbandry 
regime was designed to give as much control over environmental 
variables as possible without major departures from normal 
farm routine. Whole milk was fed until 10 weeks of age, hay 
free choice, and concentrates and silage were rationed during 
the winter. The calves were grazed in the summer, and fed 
2 pounds of concentrates daily the first summer. Natural 
service was at 15 months for calving at 2 years. A "steaming 
up"ration was fed until calving and a liberal concentrate 
ration was fed after parturition. MZ twins, DZ twins, 
paternal half sibs and contemporary unrelated animals were 
purchased for this study. One of the DZ pairs might have been 
MZ, since even after calving differences between these DZ pair 
members were very slight. Mistakes in subjective diagnosis 
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seemed unlikely to exceed and were probably fewer then one in 
ten. 
Hancock (1954b) described the twin rearing regime in New 
Zealand. The twins are brought to the station when approxi­
mately 7-10 days old. They are fed on whole milk up to 8 
weeks, and switched to skim milk until weaned at 15 to 18 
weeks of age. Throughout the milk feeding period the twins 
have access to good pasture at all times. After weaning they 
are given only pasture, supplemented with hay and silage when 
pasture growth is inadequate. The author further states that 
the heterogeneity of the dairy stock in this country may best 
be gauged by the fact that over 60% of the MZ twins reared 
at Ruakura, representing a fair cross section of the present 
stock, show unmistakable outward signs of breed mixture. 
As mentioned by Donald (195-3) determination of zygosity 
is still not a closed issue. The combination of visual exam­
ination and blood diagnosis seems to have gained widespread 
acceptance as the best criterion, but an even cleaner separa­
tion of zygosity would be welcomed. 
Rendel (1957) discussed the problem of blood grouping in 
proving zygosity, and concluded that MZ could be disproved, 
but not proved when only this method was used. Twins selected 
as MZ solely on blood group will contain a certain percentage 
of DZ twins. Similarly the morphological diagnosis will in 
several cases fail to distinguish between MZ and DZ pairs. 
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When the two methods sre used together, however, the accuracy 
will probably approach 100#. Ten or possibly 12 of the 30 
chromosomes in cattle carry genes which determine blood 
groups. 
Hancock (1954a) reported only four cases out of 95 class­
ified visually as %Z at an early age proved to be incorrect, 
and that these were classified as doubtful. Their method 
consists in noticing differences in nose pattern, whorls, 
white markings, pigmentation of mouth, muzzle and ear, and 
shade of coat color. Special emphasis is given to the last 
four characters, since any differences noted here are con­
sidered a certain sign that the calves are DZ. Since their 
cattle are largely Jersey crosses or high grades, hair and 
skin color provide a wider range of variation than in popu­
lations which are black and white or red and white. Twenty-
two sets of twins classified subjectively were tested for red 
cell factors. The blood tests confirmed the subjective ver­
dict in every case in diagnosing six sets as DZ. 
Brannâng and Rende1 (1953) blood-grouped 41 pairs of 
cattle twins end one set of triplets. All were classified 
morphologically as MZ. Due to differential development, four 
pairs were later classified DZ. These and two additional 
pairs were diagnosed as DZ by blood grouping. Thus they 
thought that the visual diagnosis and blood typing show feirly 
close agreement. Profiles of the head and rump, and areas 
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with different color intensity did not seem to "be influenced 
by subjecting the animals to differential feeding. 
The majority of twin experiments have been designed to 
measure some aspect of growth or milk production under various 
contrasting conditions of good and poor environments. Eckles 
and Swett ( 13-32) found that differences in the ration fed 
caused considerable variation in live weight of heifers but 
relatively little variation in skeletal measurements, i.e. 
the growth impulse is decidedly stronger in the skeleton than 
in the fleshy parts of the body. 
Brody (1945) claimed that height at withers is one of 
the measurements least correlated with body weight and is not 
easily influenced by nutritional conditions, partly because 
more than half of the growth of this "linearly measured com­
plex 11 is completed by the time the animal is born. Chest 
girth is one of the linear measurements most closely corre­
lated with weight. 
Matthews and Fohrman (1954) thought that maximum growth 
in weight produces more fatness than is desirable in dairy 
cattle and is a departure from a profitable feeding program. 
Consequently good feeding practices, as presently accepted, 
produce a rate of growth for dairy cattle that is somewhat 
less than the maximum. 
Bonnier and Hansson (1946) split nine pairs of twins 
between their high and low rations. They found a correlation 
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of 0-87 for food units per unit gain between the member on 
the high ration and the member on the low ration. Genetic 
differences in capacity for food utilization, in the energetic 
basis for growth (a tendency for some pairs to produce more 
fat tissue than do other pairs), and in maintenance require­
ments, were postulated as possible causes for this high 
correlation. The animals on the high plane of nutrition 
grew much faster than their sisters which were on the low 
plane, and this difference in growing rate was expressed not 
only in live weight but also in several body measurements. 
In comparing the high plane and the low plane members from 90 
to 810 days of age, the differences between high and low 
plane pair members in height at shoulders and between high 
and low plane pair members in height of sacrum were about 5 
per cent of the current measurement over the whole observation 
period. The difference between high and low plane members 
in width at hips begins at 5 per cent of the measurement- value 
but steadily increases to from 15 to 17 per cent at 810 days 
of age. A similar increase percentagewise during growth was 
found in differences between pair members in length of sacrum, 
width of chest, fore girth, and rear girth. Chest width 
showed the largest consistent difference (10 per cent) between 
the high and low planes. Differences in head measurements 
decreased percentagewise with increasing age. The authors 
concluded that if one twin of a MZ pair gets nutrition on a 
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high plane and the other receives nutrition on a low plane, 
they will differ in conformation at equal ages. This differ­
ence between pair members will be preserved throughout life, 
and will be shown when the pair members are compared on an 
equal weight basis. The variation among the high plane an­
imals was much more than the variation among the low plane 
ones except for width of head at 560 days ; however, the ratios 
of the variances of the different traits decrease in magnitude 
at 720 days. The genetically determined capacity for growth 
varies between animals. If the animal gets less than the 
amount of food necessary for its full capacity for growth, it 
never can express its genetic potential fully. Thus underfed 
groups of animals will tend to resemble each other more than 
if they were given enough food. 
Han s son et al. (195-3) in a later experiment allotted 16 
Swedish Red and White twin heifers into four nutritional 
groups. One member of each pair was fed a normal level of 
nutrition, while the other member was assigned to one of the 
other levels which were 60, 80, 120 and 140;° of the normal. 
During the first 180 days the relation between growth and 
feed intensity was almost linear. In the second 180 days the 
growth still increased with improved feeding, but the increase 
showed a declining tendency that was more pronounced in the 
higher feeding intensities. Probably the high plane animals 
had already used up much of their growing capacity, therefore 
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having a limited residual growing capacity. During the third 
180 day period, growth reached a maximum on the normal feeding 
intensity, but growth of animals on higher planes of nutrition 
decreased. The fourth 180-day period was similar to the 
third, except that animals on the lowest plane scarcely grew 
at all, since the nutritional needs of pregnancy diverted the 
limited food supply to the needs of the uterus, placenta end 
embryo instead of growth. The authors feel that the flexibil­
ity of the rete of growth decreases as the animals grow older, 
and the rate of growth can be influenced most by feeding in 
young animals. However, if the growing capacity is exploited 
early by a high level of nutrition, this will be accompanied 
by a reduction in growing capacity et subsequent stages. 
The logs of weight increases during eight 20-day periods 
from 1 to 25 months of age were submitted to an analysis of 
variance. 'This showed a non-significant interaction between 
nutrition end heredity, suggesting that members of a. twin 
pair do not react differently to variations in the plane of 
nutrition. A highly significant interaction between heredity 
and age demonstrated that growth curves differed between pairs. 
Analyses of variance were computed for head length, head width, 
wither height, hip width and sacrum length at 25 months of age. 
Head development was insignificantly affected by feeding. 
Nutrition had somewhat more influence on shoulder development, 
while the length and width of the sacrum were the traits most 
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affected by the feeding levels. The influence of nutrition 
on development apparently followed a gradient with a cranial-
caudal tendency. 
Hancock (1954b) plotted against age the weight deviations 
within ten sets of uniformly treated pairs of MZ twins. The 
average absolute deviations were smallest at the first monthly 
weighing, then rose until 7 months of age and remained at this 
level until approximately 20 months of age when another sharp 
rise occurred. On a percentage basis, the deviations tended 
to move in the opposite direction. The twins tended to be­
come more alike as they grew older, although the absolute 
differences within sets increased to some extent. 
In another experiment Hancock (1954b) divided 15 sets of 
MZ twins into three treatment groups of ten animals for three 
lactations in a balanced incomplete block design- The animals 
were kept at the Ruakura experiment station but the treatment 
situations were chosen to represent conditions on : (l) pedi­
gree farms with high grain feeding; (2) good grassland farms 
with ample pasture, supplemented in times of poor growth with 
hay and silage; and (3) overstocked farms with inadequate feed 
at certain times of the year. The three levels of nutrition 
induced wide differences in the milk, butterfat and casein 
yields, but had less influence on the butterfat and casein 
percentages. The treatment which represented the overstocked 
farms reduced total yields of milk, butterfat and casein by 
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approximately 30 per cent from the pedigree farms, and "by 10 
per cent from the good grassland farms, while the butterfat 
and casein percentages fell by only 4 to 5 per cent and 1 to 
2 per cent, respectively. The residual variance included the 
genetic environmental interaction, but this seemed relatively 
unimportant, amounting to no more than 5 to 10 per cent of the 
total variance. 
Winchester and Ellis (1S56) fed one member of each of ten 
pairs of MZ beef cattle a limited caloric allowance either from 
3 to 6 months or from 4 to 8 months of age, and then put them 
on normal rations with their control twin. The retarded 
animals made gains, per unit of feed ingested, equal to that 
of their cotwins even though some of the retarded animals had 
to be fed to older ages than their cotwins in order to reach 
similar condition at slaughter. The animals' potential for 
rapid growth was not diminished, so far as could be observed, 
by receiving during this early part of their lives caloric 
allowances below those required to maintain weight. 
Flux (1950) underfed one member from each of six pairs 
of two-year-old MZ heifers for 10 weeks prior to calving. 
The effect of the treatment differed markedly between twin 
pairs. The mean difference in milk production was 1,057 
pounds, but the range of differences was from 135 to 2,356 
pounds. Limited data from four twin pairs indicated that 
underfeeding prior to calving in the first lactation did not 
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affect production in the second lactation. 
King and Donald (1955) compered the variances of 13 to 
15 pairs each of MZ twins, DZ twins and contemporary half 
sisters for weight and wither height. The heifers were of 
various breeds end crosses, were purchased as calves about 
1 to 2 weeks old, and all were raised on the same farm under 
the same system of feeding and management. For each of the 
three groups the variance component between pairs was added 
to the variance component within pairs in order to give the 
expected mean square between unrelated but contemporary 
animals. Polynomials were fitted to the data and the result­
ing coefficients were analyzed. For growth in weight the 
mean square within pairs for DZ pairs was seven times and the 
mean square within pairs for the half sister pairs was ten 
times larger than the mean square within pairs for the MZ 
pairs. The mean squares within pairs were interpreted es 
follows: 
Mean square within MZ pairs'. 
Mean square within DZ pairs: <T~~e + 1/2 
Mean square within half-sister pairs : <T"~e + 3/4 <T" g 
+ 6~ ~m 
where <T~^m contains the non-twin variance from maternal envi­
ronment and from less uniform part of postnatal environment. 
When the components were estimated by the differences in these 
mean squares, the resulting heritabilities tended to be just 
as high as those which were calculated from the components 
of variance within and between sets of MZ twins. 
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Wiener (1959) split 65 pairs of DZ twins of three breeds, 
Ayrshire, Friesian snd Shorthorn, between two groups of com­
mercial dairy farms within a week after birth. One group of 
farms was selected because their average milk yields were 
relatively high and the others because their average yields 
were low. No farm had more than one twin at any one time. 
Analyses of variance in length of head, height at withers, 
length from pins to shoulder, and fore girth at five ages, 
and of body weight at 16 weeks did not show a statistically 
significant interaction between breed and treatment, suggest­
ing that in their growth the three breeds responded similarly 
to the different environments. No significant differences in 
growth between years were found. Considerable differences in 
body dimensions and in weight occurred between the twins 
reared on the high and low yielding farms. The conditions 
for high milk yield went hand in hand with those for quicker 
growth for the first 16 months. The differences between the 
two groups in linear body measurements began to diminish, on 
the average, after the age of 16 months, although they had not 
wholly disappeared by 3 1/2 years old. Not all body dimensions 
responded alike to treatments. When expressed as percentages 
of mature size, the differences varied and changed not only 
with age but with the character. Differences between the high 
and low farms tended to be smaller and to fade away earlier 
for some body characters than for others, in such a way that 
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the two treatments have resulted in animals of different con­
formation at the observed ages. The author concluded that, 
underlying the veneer of environmental variation, there is a 
pattern of developmental stability, whereby each body part 
follows a pre-determined path from which it is deflected by 
the external environment only to a limited extent. 
Heritability estimates derived from data on twins are 
much higher than those obtained from field data. Nelson 
(1945; calculated the following heritability estimates on 109 
Ho Istein daughter-dam pairs at two years of age: 
wither height 0.85 
chest depth 0.23 
body length 0.47 
chest girth 0.04 
paunch girth 0.18 
weight 0.02 
He found heritability at one year on 121 Holstein daughter-dam 
pairs to be 0.07 for wither height and 0.10 for weight, and 
that in general the variations in all the above measurements 
were more than 505 determined by differences in general size. 
Growth was to a considerable degree proportionate and results 
in what is termed "balance" in our type standards. 
Sutherland (1956) computed the following heritabilities 
at two years of age for 486 dam-daughter pairs in the Iowa 
State University Holstein herd, using the intra-sire regres­
sion of daughter on dam: weight -0.12, wither height 0.96, 
chest depth 0.67, body length 0.61, chest girth 0.50, and 
paunch girth 0.43. The data in this study included those 
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used previously by Kelson. 
Blackmore et al. (1958) studied genetic correlations and 
heritabilities of six measures of body size of 334 Holstein 
daughter-dam pairs. Phenotypic correlations between charac­
ters in the same individuals among 6-month-old calves were 
consistently higher than those previously found in 3-year-old 
females of the same herd by Touchberry (1951). If this were 
a real difference, either growth in the early stages must 
be due largely to general size factors whereas later growth 
is affected more strongly by group snd specific size factors 
or environment must have less effect on later stages of 
growth, i.e. effects of good and bad environment have more 
nearly cancelled each other. Reciprocal correlations between 
one skeletal and one flesh character changed Tore than the 
correlations involving two skeletal or two flesh characters. 
This situation was attributed to reduced environmental effect 
as well as delayed expression of group and specific factors. 
Genetic correlations involving two measures from the same 
group (i.e. both skeletal or both flesh) increased with in­
creasing age, while those involving one skeletal and one flesh 
character decreased with age. All heritabilities increased 
with age, which suggests that the genetic factors show their 
effect more and more in later life. 
Brumby (1958) considers the reasons for differences be­
tween heritability estimates from field record data snd from 
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MZ twin data as : (l) maternal effects and contemporary envi­
ronmental effects contribute to similarity of twin members, 
(2) genetic variance, as estimated from MZ twin records, con­
tains variance due to dominance and epistasis which is largely 
excluded from paternal half sib estimates, (-3) twin animals 
are invariably collected, from many different herds, so more 
genetic diversity may exist between twin pairs than between 
non-twin animals all originating in one herd, and (4) twin 
cattle are housed, fed and managed in experimental units and 
are less likely to be subjected to wide random fluctuations 
in environment than are commercial cattle. 
Robertson (1950) studied the Swedish twin experiments 
and concluded that the reasons for the strong resemblance of 
twins are that they have the same genotype and prenatal envi­
ronment, are perfectly contemporary, and have similar local 
environments. Although some of these reasons may be trivial, 
together they produce a considerable similarity between MZ 
twins which cannot be ascribed solely to heredity. 
Johansson (19 53) emphasizes that in computing heritabil­
ity it is important to ensure that no environmental factors 
such as common herd environments, time trends in feeding or 
management, or maternal influence on groups of sisters influ­
ence the estimate. By keeping MZ twins in a. controlled envi­
ronment it is possible to show to what extent animals of the 
same genotype repeat the yield of each other under the exist-
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Ing conditions, so far as those actually were controlled. The 
heritability thus obtained is usually higher than when repeat­
ability is calculated from the data from cow testing associa­
tions because of the contemporaneity of yield, as well as the 
more efficient yield-test, and because of the better super­
vised feeding of the cows in an experimental herd than under 
ordinary farm conditions. When Johansson separated high and 
low producing herds his results did not support Hammond's 1947 
thesis that "the character required is best selected for under 
conditions which favor its fullest expression". 
Hancock (1954b) recomputed milk, butterfat and butterfat 
test heritabilities from MZ twins on a monthly basis instead 
of a daily basis of measuring and found that the heritability 
for milk decreased from 0.95 to 0.9-3, butterfat from 0.9-3 to 
0-90, and butterfat test from 0.96 to 0.84, illustrating that 
not much of the difference in heritability between controlled 
and field data for butterfat and milk yields can be accounted 
for by imperfect measurements of yields. The author concludes 
that the highness of the heritability estimates from the twin 
data is chiefly due to having eliminated from the twin data 
a large portion of the uncontrollable environmental variation 
existing in the field data from which heritability coeffi­
cients are usually derived. Hancock estimated the following 
heritabilities from MZ twins : 
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milk yield 
butterfat yield 
casein yield 
butterfat percentage 
casein percentage 
.90 
.86 
.88 
.95 
.94 
Differences in the plane of nutrition are undoubtedly the 
most important causes of variation between herd averages for 
milk yield, and they are also important sources of intra-herd 
variation. Plum ( 19-35) studied 5,860 eight-month lactation 
records from Iowa cow testing associations, using a scoring 
system for the ration fed to each cow• The variance in yield 
associated with feeding grade consisted of 15.8% of the total 
variance, 5.4j*> being due to differences in feeding within 
herds and 11.47^ to differences between herds. When tested 
herds are chosen at random, the herd differences usually 
account for from 20 to 35,% of the total variation in yield 
per lactation period or per record year. 
Pirchner and Lush (1959) investigated the genetic part 
of the variation between herds by the intra-sire regression 
of heifer production on the herd average. Records of 1,072 
Jersey HIR cows and of 880 Holstein DHTA cows indicated that 
14 and 10%, respectively, of the differences between herd 
averages in the two populations were heritable. Using another 
method to compare the variance components for herd differ­
ences between related and unrelated cows, they found from an 
analysis within years that the heritability of herd differ­
ences was 6.5/v for both milk and butterfat production. The 
21 
authors point out that the heritability of herd differences 
as derived from this study pertains to herds which had been 
using natural service, the majority of which had been using 
only one bull at a time. 
Perhaps one of the most interesting experiments utilizing 
MZ twins was suggested by Donald (1954). He proposed breeding 
MZ twins to the same bull and raising their offspring con­
temporaneously with DZ twins. The MZ offspring will be full 
sibs genetically but will have no blood mosaicism and the 
maternal environment can be varied in some specified manner. 
MZ and DZ twins and their relatives afford the geneticist a 
method for exploring the nature of non-additive genetic 
effects and environmental fluctuations. At present the gath­
ering of data that will reduce the sampling errors in twin 
heritability under varying conditions is getting underway. 
Considerable time and many separate studies on different 
populations of twins will be required to evaluate adequately 
the non-additive and the genetic environmental components. 
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MATERIAL 
The data were taken from two sources - the Iowa State 
University identical twin project and the Moorman Manufactur­
ing twin herd of Quincy, Illinois. 
Weights and body measurements were taken from the Iowa 
State University identical twin project, located Just south 
of Ankeny, Iowa. The animals were 25 pairs of MZ twins and 
13 pairs of DZ twins born between December, 1955, and April, 
1958. The twin calves were purchased from farmers who had 
reported twin births to the University. The calves were 
examined visually between the ages of 2 weeks to 2 months and 
were bought if thought identical. On the average, 11 pairs 
were examined and from 900-1,000 miles were travelled for 
each pair purchased. Blood samples were sent to the Univer­
sity of California School of Veterinary Medicine for diagnosis 
as the final criterion for determining zygosity. 
The calves were assigned randomly within pairs to the 
high and low grain rations shown in Table 1. Alfalfa hay and 
grass silage were fed free choice to both groups. The milk 
replacer was made by mixing 1 pound of dry skim milk with 
7 pounds of water. Two per cent fat plus Vitamin A, Vitamin 
D and a trace mineral mix were added to the skim milk. Table 
2 shows the composition of the calf starter and grain mix. 
Alfalfa, brome or Sudan soilage was fed when available. 
An approximate evaluation of the net energy values of the 
Table 1. Feeding regime for high and low grain rations 
Age High grain Low grain 
Birth-8 wks• 1 lb. milk/10 lbs. body wt., 
calf starter & alfalfa hay 
Same 
9 wks.-16 wks. Alfalfa hay, cslf starter 
(5 lb. limit) 
Alfalfa hay, 
calf starter (P lb. limit) 
17 wks.-8 TP.OS. Alfalfa hay, grain mix 
(6 lb. limit)" 
Alfalfa hay, 
grain mix 
'(2 lb. limit) 
9 mos.-calving Alfalfa hay, silage or 
soilage, eraIn mix 
(6 lb. limit) 
Alfalfa hay, 
silage or 
soilage -
no grain 
Table 2. Composition of the calf starter end grain mix 
Ingredient Calf starter Grain mix 
Corn 20 •37 
Oats 22 30 
Soybean oil meal 20 10 
Wheat bran 10 20 
Dried distillers solubles 15 0 
Molasses 10 0 
Steamed bone meal 2 2 
Salt 1 1 
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rations was obtained in the following manner. Samples of the 
alfalfa hay contained 16 per cent protein and 27 per cent 
crude fiber, which corresponds very closely to Morrison's 
(1956) "alfalfa hay, leafy" which has a net energy value of 
41.5 therms per cwt. The calf starter contained 74.? therms 
and the grain mix 72.6 therms per cwt. Individual feed con­
sumption records were kept during the first 8 months of age 
when the heifers were in individual stalls. The average feed 
consumption for 1959 by ages, as shown in T?ble 3, was multi­
plied by the net energy value to determine the net energy fed. 
After 3 months of age the heifers were group-fed, with 
varying numbers of heifers of various ages per pen. There­
fore the monthly total actually fed the pen was assumed to 
have been distributed to the various ages in proportion to 
weighting the average body weight for each age by (body 
weight)which is the basis of Morrison's (1956) net energy 
requirements. The estimated net energy listed in Table 4 is 
therefore not strictly in proportion to (body weight)*®^ of 
the ages, since differing proportions of the animals of cer­
tain ages received soilage for a longer time than did animals 
of other ages, thus making the total net energy for the entire 
period the only reliable figure. 
Animals on the high grain ration received 62 per cent of 
their net energy from roughages and 38 per cent from grain. 
The corresponding figures for the low ration were 95 per cent 
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Table 3. Average pounds of roughage fed per head per month 
for groups of different ages 
Age High Low 
(Mos.) No- Hay Silage Soilage No. Hay Silage Soilage 
1 6 9 4 16 
2 11 60 6 66 
3 12 146 10 149 
4 12 170 16 217 
5 18 243 20 284 
6 .17 310 19 356 
7 14 375 16 379 
8 8 333 13 395 9 378 17 423 
9 10 191 83 1,127 10 219 73 1,362 
10 10 234 73 913 10 246 32 1,633 
11 11 260 57 919 11 215 20 1,581 
12 11 274 73 1,014 11 273 52 1,311 
13 11 271 81 946 11 335 73 992 
14 9 267 124 1,080 12 358 99 1,050 
15 14 358 229 805 14 408 137 609 
16 12 367 182 360 14 476 228 343 
17 13 413 179 413 15 593 186 164 
18 17 375 151 472 13 570 214 263 
19 13 352 50 937 13 524 89 754 
20 14 273 66 1,477 14 335 37 1,518 
21 15 309 28 1,639 15 270 18 1,962 
22 15 224 38 1,325 15 199 7 2,602 
23 17 236 61 1,037 16 220 41 2,720 
24 56 318 94 1,148 50 357 113 1,363 
and 5 per cent. No estimate of wastage was made, since the 
feed bunks were outside, and any estimate would be very unre­
liable. However the wastage appeared visually to be larger 
than if the roughage had been fed inside. 
The design of the experiment is based on a four-pair unit 
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Table 4. Average net energy fed per head per month for 
groups of different ages 
High ration Low ration 
Age Hough- Rough- Morrison's 
(Mos.) age Grain Total age Grain Total standard 
3 61 134 195 62 45 107 117 
4 71 131 202 90 i 4 134 138 
5 101 232 118 162 153 
6 129 260 148 192 174 
7 156 287 157 201 189 
8 189 320 212 256 204 
9 229 360 269 b 269 222 
10 220 351 310 310 228 
11 229 360 289 289 234 
12 249 380 283 283 240 
13 240 371 271 271 249 
14 260 391 291 291 255 
15 275 406 261 261 261 
16 218 349 266 266 267 
17 243 374 287 287 273 
18 231 349 293 293 276 
19 269 400 322 322 285 
20 305 436 333 333 291 
21 336 467 359 359 300 
22 263 394 409 409 303 
23 234 365 436 436 306 
Total 4,508 2,744 7,252 5,465 265 5,730 4,950 
as follows: 
Pair no. Member of a pair 
F i r s t S e c o n d  
1 high high 
2 high low 
3 high low 
4 low low 
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This unit is replicated throughout the experiment. The first 
and fourth pairs will be designated "uniform pairs", and the 
second and third pairs "split pairs" hereafter. 
The calves were housed inside in individual pens and were 
allowed to exercise daily, weather permitting, for the first 
5 months. Thereafter they were assigned to loose housing 
sheds in lots with covered feed bunks. A lot consisted of 
cattle either all on a high or all on a low ration. Therefore 
the members of a split pair were always in different pens, 
whereas the uniform pairs remained together. The heifers 
were bred to calve at 24 months. 
Weight and body measurements were taken at trimonthly 
intervals from 3 months of age. The body measurements were 
chest girth, paunch girth, wither height, chest depth, pelvic 
length, hook width, and body length. Each measurement used 
was the average of two independent readings in order to re­
duce the random errors of measurement. The measurement pro­
cedures are fully described by Biackmore (1954) for all body 
measurements excepting pelvic length and hook width. To 
measure pelvic length a calibrated bar with two perpendicular 
arms, forming a caliper graduated to the nearest millimeter, 
was used. The fixed perpendicular arm was held snugly against 
the anterior point of the hook, and the moving arm of the 
caliper was adjusted snugly against the posterior end of the 
pin bone. The same caliper was used to measure the distance 
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between the two points of the hook bones for hook width. 
weights end lactation data from their twin herd were 
graciously supplied by the Moorman Manufacturing Company of 
Quincy, Illinois- Weights were obtained on 20 pairs, first 
lactation data on 14 pairs, and first-through-third lacta­
tion data on ten pairs of MZ twins. 
Twin heifers for the Moorman project pre purchased from 
the area of Illinois, Iowa, Wisconsin, and Missouri at any 
age up through early gestation. Both visual examination and 
blood type pre used to determine zygosity before purchase. 
Only the Holstein heifers from the Moorman project were used 
in the present study, to avoid breed differences. The heifers 
are f'ed alfalfa hay along with silage end pasture (in season), 
plus a grain ration consisting of equal parts of corn-and-cob 
meal and crushed oats. In addition they receive 1/2 pound 
per head per day of a protein supplement snd a complete min­
eral mix fed free-choice. 
During lactation the cows sre housed in a stanchion-type 
barn and are fed a 12.2 per cent protein grain mix according 
to production, as recommended in Morrison's (1956) Table 
Villa - Grain feeding table for cows not on pasture. In addi­
tion they receive 1 pound per head per day of a protein-
mineral supplement. Only those cows considered as fed alike 
were used in the analysis, i.e., if the basal rations were 
alike and differences in daily protein supplement were no 
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larger than 1 pound per heed, the twins were considered to be 
on uniform rations. All milk weights ere taken daily end 
composite samples ere tested for butterfat at bi-weekly in­
tervals . Heifers are bred to calve no younger than 25 
months of age. Bi-weekly body weights ere taken on all 
lactating twins and monthly weights are taken on all heifers. 
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METHODS OF ANALYSIS AND RESULTS 
Problems of Estimation 
Vascular anastomosis, which, according to Swett et. al. 
(1940), occurs in approximately 11 out of 12 cases of all 
cattle twins, has far-reaching consequences since it may cause 
DZ twins to resemble each other more than would be expected on 
the basis of their genetic similarity alone. This creates 
difficulty in distinguishing between the two types of twins 
and renders the genetic interpretation of twin comparisons 
hazardous when determining heritability by doubling the dif­
ference of MZ - DZ error mean square of uniformly treated 
pairs. Another pitfall in interpreting parallel mosaics in 
a set of twins as denoting zygosity was shown by Stormont 
(1958). He concludes that some MZ twins are probably sur­
vivors of sets of DZ triplets or the like and, as a conse­
quence of anastomosis among such sets, the surviving MZ twins 
would exhibit mosaicism. 
An accurate and concise definition of the experimental 
unit is desirable in any biological experiment. Equally im­
portant is the question of whether the experimental unit is 
composed of a random sample of the population to which the 
experimental results will be extended. Even if determination 
of zygosity were completely accurate, consideration should be 
given to whether the MZ twins are in fact randomly selected 
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from the entire MZ twin population. The question of whether 
some MZ pairs are "being left in the field because of size dif­
ferences can never become a closed issue unless the history of 
all examined animals is known. This would be both expensive 
and time-consuming. Similarly the DZ twins, which were col­
lected because of their resemblance to MZ twins, may be in 
fact more closely related than full sisters usually are. 
Chance at Mendelian segregation causes some full sisters to 
be actually more like each other than average full sisters 
would be. Therefore any method which collected only those DZ 
twins which looked unusually alike would gather sets which 
were more like each other than is really typical of full sis­
ters. In this experiment no endeavor was made to collect DZ 
twins per se. and all animals were purchased on the premise 
that they were MZ twins, i.e.. the DZ sets were purchased be­
cause they resembled each other visually as much as did MZ 
sets, but were found later to be DZ because of blood typing. 
The twins are selected at random from the Iowa twin popula­
tion in the sense that any individual farmer has an equal 
chance to report a twin birth. 
The "t" test was used to determine whether true differ­
ences existed between the average weights of the MZ and DZ 
sets, which are shown in Figure 1. The t statistic at 3 
months was significant at the .01 level of probability 
(t = 3.16), and that at 6 months was significant (t = 2.21) 
Figure 1. Mean weight of MZ and DZ twins at tri-monthly 
intervals (the number of animals per group is 
noted) 
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at the .05 level- The group means were not significantly dif­
ferent at any other age. Visual inspection of Figure 1 would 
lead one to conclude that no real difference between the means 
of the MZ and DZ twins exists after 6 months. Therefore if 
any preference was shown by the twin examiner to pick strong­
er, healthier DZ calves as being MZ, this preference would not 
bias twin comparisons after 6 months of age. 
The means by years for the eight growth traits failed to 
indicate any difference between calves born from 1955 to 1958. 
Similarly no differences were apparent when monthly averages 
were compared. Therefore no attempt was made to correct these 
data either for year or for season of birth. 
Response to High and Low Grain Rations 
The mean weights of the MZ twins on high and low rations 
at the different weights is shown in Figure 2 in comparison 
with the Ragsdale standard. Although the twins weigh less 
than calves from single births for the first 9 months both 
rations apparently provide enough energy to allow the twins 
to equal or surpass the Ragsdale standard at 24 months. 
The average responses noted in age curves for the eight 
traits are shown in Figures 3 to 10 separately for the high 
and the low grain rations. The values are graphed as per­
centages of the overall mean from 3 to 27 months of age. The 
Figure 2. Mean weight of MZ twins on high and low rations, 
as compared to the Ragsdale standard (the number 
of animals per group is noted) 
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Figure 3. Mean body weight of MZ twins on high and low grain 
rations 
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Figure 4. Mean chest girth of MZ twins on high and low 
grain rations 
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Figure 5. Mean paunch girth of MZ twins on high and low 
grain rations 
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Figure 6. Mean wither height of MZ twins on high end low 
grain rations 
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Figure 7. Mean chest depth of MZ twins on high and low 
grain rations 
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Figure 8. Mean pelvic length of MZ twins on high and low 
grain rations 
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Figure 9. Mean hook width of MZ twins on high and low 
grain rations 
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Figure 10. Mean body length of MZ twins on high and low 
grain rations 
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traits may be divided arbitrarily into four groupings accord­
ing to their responses. Chest girth, chest depth, body-
length, pelvic length and paunch girth follow a similar 
developmental pattern, starting from 61 to 65$ of the general 
mean at 3 months, with the high ration average ranging from 
120 to 124$ at 27 months and the low ration from 116 to 118$. 
Wither height develops less percentagewise during this period, 
the high grain ration increasing from 75 to 117$ and the low 
grain ration from 74 to 115$. Hook width changes from 56 to 
129$ for the high grain ration and from 56 to 124$ for the 
low grain ration. Body weight makes the largest gain of all 
the traits (from 26 to 160$ for the high grain and from 24 
to 143$ for the low grain ration). 
Experimental Design 
The model assumed for analyzing the split pairs, in which 
one member of a pair was fed the high grain ration and the 
other the low grain ration, was: 
Yijk = / * ri+ pj * Wu * eijk 
The observation, is the sum of a general popula­
tion mean, the i*"*1 ration effect, the pair effect, the 
effect of the interaction of the i^*1 ration and the pair, 
and a random environmental effect peculiar to the k^ pair 
member. 
The uniform pairs, in which both pair members were fed 
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either the high or the low grain ration, may be represented 
by the following model: 
Yijk =/£ + ri + Pi J + eijk 
wherey^ , rj_, and e^are defined as above, and p^ j is the 
effect of the pair within the itJl ration. Combining the 
split and uniform pairs as shown in Table 5 allows the vari­
ance components in the models to be estimated. 
Table 5. Analysis of variance and estimation of variance 
components 
Source d.f. Expected mean square 
Between split and 
uniform groups 1 
Snlit pairs 
Between rations 1 7(E) + 7(X) + n7(R) 
Between pairs n - 1 7(E) + 7(X) + 27(P) 
Pair x ration n - 1 7(E) + 7(X) 
Uniform oairs 
Between rations 1 7(E) + 27(X) * 27(P' ) + n'7(R' ) 
Between pairs/ration n1 - 2 7(E) + 27(X) + 27(Pf) 
Between pair members n1 7(E) 
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Definition of symbolism: 
n - the number of split pairs 
n1 - the number of uniform pairs 
V(E) - the variance caused by differences between members 
of a uniform twin pair 
V(P) = V(P') - the variance of differences among 
twin pairs 
V(R) = V(R') - the variance caused by 
(true difference between rations)^ 
2 
V(X) - the variance caused by genetic environmental 
interactions, i.e. such variance that occurs 
because different genotypes do not respond 
alike to the rations 
As defined by Lush (1948), the fraction of the variance 
caused by the functioning of the whole genotype as a unit, 
in the Individual, is heritability in the broad sense. Herit-
ability in the broad sense is the fraction of the total pheno-
typic variation traceable to genetic differences in the popu­
lation; or the additive, dominance and epistatic genetic 
variation. Heritability in the narrow sense contains only 
additive variance, or the fraction of the differences between 
parents that can be expected to be recovered in their off­
spring. The narrow definition of heritability includes as 
hereditary only the average effects of the genes, l.£- only 
the genie or additively genetic variance. 
The following symbols are used in the genetic interpreta­
tion of the components shown in Table 5: 
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7(G) - the variance due to additively genetic differences 
V(D) - the variance caused by dominance deviations 
V(I) - the variance due to epistatic deviations, i.e. 
interaction between non-allélie genes 
V(M) - the variance caused by common intra-uterine 
environment 
V(C) - the variance due to postnatal environmental 
deviations which are alike for contemporaneous 
animals but unlike for those which reach the 
station at widely different dates 
In the case of MZ twins on uniform rations, the variance 
between members of a pair consists of random environmental 
effects, 7(E). The component between pairs includes herit­
ability in the broad sense in addition to variance caused by 
common intra-uterine environment and postnatal contempo­
raneity: 
V(between members of a pair) = 7(E) 
7(P« ) = 7(G) + 7(D) + 7(1) + 7(M) + 7(C) 
With split MZ twins, the pair x ration variance contains 
random environmental effects plus the effect of genetic envi­
ronmental interaction. As in the uniform pairs, the variance 
between pairs contains heritability in the broad sense plus 
variance caused by common intra-uterine environment and post­
natal contemporaneity: 
7(pair x ration) = 7(E) + 7(X) 
7(P) = 7(0-) + 7(D) + 7(1) + 7(M) + 7(C) 
Therefore the genetic environmental interaction may be 
found by the difference between the pair x ration mean square 
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in the data on split pairs and the mean square between mem­
bers of uniformly treated pairs. 
In the case of the uniform DZ pairs, the corresponding 
components of variance are: 
7(between members of a pair) = 1/2 7(G-) + 3/4 7(D) + 
^3/4 7(l) + >1/2 V(X) + 
7(E) 
7(P1 ) = 1/2 7(G) + 1/4 7(D) + ^l/4 7(1) + <1/2 7(X) + 
7(M) + 7(C) 
With the split DZ pairs: 
7(pair x ration) = 1/2 7(G) + 3/4 7(D) + —3/4 7(1) + 
7(X) + 7(E) 
7(P) = 1/2 7(G) + 1/4 7(D) + ^1/4 7(1) + 7(M) + 7(C) 
Therefore two sources of error are introduced in esti­
mating genetic environmental interaction, 7(X), from data 
on DZ twins, which are not found when MZ twins are used. The 
sampling variance of the difference of the mean squares 
(pair x ration from split pairs - between members of uniform 
pairs) is increased since it must be at least doubled to 
obtain 7(X) . Secondly the coefficient of the 7(X), zl 1/2, 
which is in the difference is not an exact coefficient. 
Figure 11 shows graphically the body weights of the 
split MZ twins at 6, 12, and 21 months of age. This shows 
pictorially that the effect of the genetic environmental 
interaction never surpasses that of the ration difference, 
7(H), which seemingly is a general representation of the 
ration effects. This is not an unexpected result, since 
Figure 11. Weights of split MZ twins at 6, 12 and 21 
months (the solid lines connect weights of 
twins on the high grain ration and the broken 
lines connect weights of the twins on the 
low grain ration) 
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Meadows (1959) stated that the rations were planned with the 
intention that the individuals of a twin pair would, on the 
average, differ by approximately 200 pounds in body weight 
at calving time. 
The percentage variance components for MZ twins are 
shown in Tables 6 through 13 for the eight traits at the 
eight different ages for both the split and uniform pairs. 
The ration component seems small or non-existent for the first 
6 months in all the traits. Its maximum effect occurs at 
approximately 15 months. Then it diminishes in importance 
at 24 months, due largely to the effect of differences in 
ages at which pregnancy begins. Body weight and heart girth 
are the traits most affected by the ration component, while 
wither height is least influenced by rations. 
The genetic environmental interaction was negative in 
15 of the 64 instances studied in these data, but is only 
negative four times after the age of 9 months. Some response 
in the two main effects is necessary to produce an interac­
tion. Since the ration had a negligible influence on the 
total variance during the first 9 months, it may be inferred 
that the ration difference was either not large enough or the 
differential hereditary response to the ration difference did 
not develop early enough to permit any potential genetic envi­
ronmental interaction to become manifest during the first 9 
months of the calves' lives. This component has a large 
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Table 6. Weight variance components in per cent for MZ twins 
Age in months 
3 6 9 12 15 . 18 21 24 
Uniform pairs 
VIE) 22 18 12 8 8 4 5 22 
V ( P ' )  78 82 65 77 32 25 28 20 
V(Rl ) 0 0 23 15 60 71 67 58 
Split pairs 
v(zy 16 18 16 9 11 7 9 7 
v ( x )  0 17 0 3 0 15 1 21 
7(P) 84 65 55 27 25 24 44 34 
7(R) 0 0 29 61 64 54 48 38 
Table 7. Chest girth variance components in per cent for 
MZ twins 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
7(E) 41 18 16 5 11 3 2 6 
7(P« ) 59 60 44 40 24 23 31 62 
7(R« ) 0 22 40 55 65 74 67 32 
Split pairs 
7(3) 13 17 10 7 8 7 2 4 
7(X) 0 3 0 0 0 10 8 8 
7(P) 87 74 64 24 31 31 41 54 
7(R) 0 6 26 69 61 52 49 34 
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Table 8. Paunch girth variance components in per cent for 
MZ twins 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
7(E) 12 17 4 14 28 8 9 74 
7( P1 ) 88 68 96 86 54 38 21 26 
7(R« ) 0 15 0 0 18 54 70 0 
Split pairs 
7(E) 11 17 11 19 17 7 14 20 
7(X) 6 18 49 5 0 50 10 53 
7(P) 83 65 40 67 76 27 60 14 
7(R) 0 0 0 9 7 16 16 13 
Table 9. Wither height variance components in 
MZ twins 
per cent for 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
7(E) 18 13 16 7 5 6 11 5 
7(P') 82 87 84 92 77 87 89 95 
7( R1 ) 0 0 0 1 18 7 0 0 
Split pairs 
7(E) 9 9 7 4 4 5 8 2 
7(X) 0 0 9 4 10 3 9 9 
7(P) 89 86 79 72 65 75 69 79 
7(R) 2 5 5 20 21 17 14 10 
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Table 10. Chest depth variance components In per cent for 
MZ twins 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
7(E) 30 31 22 9 9 4 7 12 
7(P' ) 70 65 44 44 21 30 46 57 
7(R« ) 0 4 34 47 70 66 48 32 
Split pairs 
7(E) 8 19 5 10 12 7 8 6 
7(X) 0 4 0 1 2 2 2 4 
7(P) 91 76 76 52 45 59 56 62 
7(H) 1 1 19 17 41 32 34 28 
Table 11. Pelvic length variance components in per 
MZ twins 
cent for 
As-e in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
7(E) 30 19 35 10 7 10 5 6 
7(P' ) 70 81 51 76 46 54 81 94 
7(R' ) 0 0 14 14 47 36 14 0 
SPYtI)Palrg 27 17 12 6 7 8 4 6 
7(X) 21 21 11 4 8 4 3 2 
7(P) 52 59 72 56 45 47 51 60 
7(R) 0 3 6 34 40 41 42 32 
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Table 12. Hook width variance components in per cent for 
MZ twins 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
V(E) 25 15 27 15 9 5 5 29 
V ( P ' )  75 85 62 82 60 41 48 35 
V(R» ) 0 0 11 3 31 54 47 36 
Split pairs 
V I E )  16 11 20 15 12 8 6 13 
v ( x )  0 17 0 6 10 16 3 16 
V ( P )  84 67 51 37 24 39 57 38 
V(R) 0 5 29 43 54 38 34 33 
Table 13. Body length variance components in per cent for 
MZ twins 
Age in months 
3 6 9 12 15 18 21 24 
Uniform pairs 
V(E) 27 17 46 15 10 17 13 16 
V(P« ) 73 83 39 69 30 43 50 84 
V(R« ) 0 0 15 16 60 40 17 0 
Split pairs 
VIE) 37 15 34 9 10 18 14 11 
v ( x )  0 14 16 0 18 2 10 15 
V(P) 63 71 36 44 37 52 50 57 
V(R) 0 0 14 47 35 29 27 18 
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sampling error since it is obtained from the difference be­
tween the mean squares of two different analyses, each with 
only a few degrees of freedom, but the averaged genetic envi­
ronmental interactions obtained from 12 to 24 months were: 
Weight 8# 
Chest girth 5# 
Paunch girth 23# 
Wither height 7# 
Chest depth 2# 
Pelvic length 4c% 
Hook width 10% 
Body length 8# 
Drawing definite conclusions about averages so attained 
seems impossible because most of the animals included in the 
variance component estimates at early ages are included again 
later. Therefore the components at different ages are not 
independent. 
The magnitude of the pair component, V(P), for the vari­
ions traits seems to follow a similar pattern with age and is 
generally rather a mirror-image of the curve formed by the 
ration components. That V(P) changes in this manner is par­
tially an automatic consequence of having expressed the com­
ponents as percentages, i.e. if one of the components is high 
at one age for one character, one or more of the others would 
have to be unusually low. Therefore a precise definition of 
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cause and effect is not apparent. Pair components for 
chest depth, pelvic length, body length and heart girth are 
best described by a parabola concave downward. Weight and 
paunch girth seem to decrease percentagewise with age, while 
wither height, although decreasing during the middle of the 
period, seems not affected by ration nearly as much as are 
the other characters. 
The error component, V(E), seems very large both at the 
beginning and the end of the period studied, and seems rather 
uniform in its change for all traits. 
Heritability of Growth Traits 
All methods of estimating heritability utilize the fact 
that relatives have more of their genes alike than unrelated 
animals do. This causes them to resemble each other more 
than do unrelated members of the population. The reduction 
in variance, found by subtracting the variance between re­
lated animals from that between unrelated animals, may be 
used to estimate heritability, if the relatives do not also 
resemble each other more because of having been exposed to 
similar environments. In essence, heritability estimates 
from twin data based on phenotypic resemblances are inflated 
by inability to discount fully the common environment or the 
contemporaneity which necessarily is characteristic of 
calves born on the same day. 
67 
Heritability estimates for the eight traits were computed 
after the method of Meadows (1959) by using the components 
shown in Table 5. Twin heritability, considering V(X) as not 
heritable, was computed from split MZ pairs by the ratio of 
V(p) + Y(e1 + v ( x )* heritability is computed with 
the genetic environmental interaction, V(X), included in the 
numerator it is simply the correlation between members of a 
pair in the population of pairs treated uniformly; 1..&. it is 
^ vt p .T<rw?w 
Analyses of variance were confuted on nine pairs of MZ 
split twins, grouped according to their respective rations. 
The variances within rations are shown in Table 14 for body 
weight, hook width and wither height. The F test with such 
data is not valid because the observations on the high and low 
rations are correlated, and the F ratio involves two inde­
pendent chi squares. Therefore the sign test was used to test 
for significant differences in ration response for the three 
traits. None of the trait ration variances differed signifi­
cantly at the 0.05 level of probability. Therefore it seems 
safe to conclude that the rations permit the genotypes to ex­
press themselves with practically equal variability. 
Heritabilities for split and uniform MZ pairs are pre­
sented in Tables 15 and 16. In general these show no pro 
nounced trend over the months. Measurement errors on the 
younger animals would be more pronounced than those on older 
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Table 14. Variances on high and on low rations 
Age In months 
3 6 9 12 15 18 21 24 
High s2 552 
Low s2 60? 
Variance 
ratio 1.09 
High s2 2.40 
Low s2 1.68 
Variance 
ratio 1.43 
High s2 17.08 
Low s2 13.69 
Weight (lbs.) 
1,220 1,665 2,288 2,603 
2,012 2,498 2,265 2,276 
1.65 1.50 1.01 1.14 
Hook width (cms.) 
2.22 
2.98 
1.70 
2.58 
2.84 
2.34 
2.00 
1.84 
1.34 1.52 1.21 1.09 
Wither height (cms.) 
22.38 25.23 24.41 27.10 
17.12 34.47 21.09 19.18 
6,414 8,714 19,867 
5,4 67 10,178 6,453 
1.17 1.17 3.08 
3.39 2.87 6.50 
3.10 2.99 3.64 
1.09 1.04 1.79 
30.94 35.82 38.78 
23.51 22.17 29.65 
Variance 
ratio 1.25 1.31 1.37 1.16 1.41 1.32 1.62 1.31 
animals, since younger animals usually do not stand as well 
as do older ones. This would increase the error variance 
and therefore decrease heritability at earlier ages. How­
ever, uncontrolled variation such as differences in fill and 
climatic changes will affect measurements of older animals 
more than those of younger ones, so the aforementioned sources 
of variation should not bias the data at any one age. 
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Table 15. Heritabilities for uniform MZ twin pairs 
Age in months 
Trait 3 6 9 12 15 18 21 24 
Weight <78 .84 .84 .90 .80 .89 .86 .80 
Chest girth .59 .78 .73 .88 .68 .90 .95 .92 
Paunch girth .89 .83 .96 .87 . 66 .92 .75 .75 
Wither height .82 .87 .86 .93 .95 .94 .90 .96 
Chest depth .70 .70 .67 .83 .72 .89 .87 .85 
Pelvic length .76 .85 .70 .89 .88 .86 .95 .94 
Hook width .75 .88 .69 .85 .88 .91 .92 .70 
Body length .73 .86 .57 .83 .83 .72 .82 .87 
Table 16. Heritabilities for split MZ twin pairs 
Age in months 
Trait 3 6 9 12 15 18 21 24 
Weight .78 .65 .78 .69 .63 .53 .85 .56 
Chest girth .75 .79 .86 .76 .78 .65 .80 .82 
Paunch girth .83 .66 .40 .73 .76 .32 .71 .16 
Wither height .86 .88 .84 -89 .83 .90 .80 .87 
Chest depth .82 .77 .86 .82 .76 .87 .84 .86 
Pelvic length . 53 .61 .76 .84 .74 .81 .88 .88 
Hook width .81 .70 .72 .64 .53 . 63 .87 .57 
Body length . .63 .71 .42 .74 .57 .72 .68 .69 
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Blackmore (1954) found that heritability of body meas­
urements increased with age and he considered this to be ex­
pected because older animals have had longer opportunity for 
different types of environmental influences to cancel each 
other, as well as for genes which show their effects only late 
in life to become manifest. In the present study, heritabil­
ities for heart girth, wither height and pelvic length com­
puted on the uniform pairs tend to increase with age. Herit­
abilities for chest depth and pelvic length in the split pairs 
seemingly show an Increasing trend. More proof is needed 
before any definite statement is made regarding these trends. 
The standard errors of the twin heritabilities are in 
the neighborhood of 0.1, because the number of animals was 
small, so only generalizations may be made from the estimates 
of twin heritability in the broad sense. The influence of 
differences in age at which pregnancy began on heritability 
for different traits is shown in differing degrees at the 
later ages. 
In addition to the Influence of contemporaneity, any 
failure to purchase a representative sample of MZ twins would 
bias twin heritabilities. If a sample of MZ twins which 
resembled each other more closely than average twins from 
the entire MZ population were chosen, heritabilities would 
be biased upward. Heritabilities of weight and size at 
younger ages would tend to be higher than later heritabilities 
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if more similarly appearing twins were selected early in life. 
If part of the twins were selected later in life in addition 
to some selected early in life, heritabilities of weight and 
size would probably be higher at the later ages than if the 
twins were all selected at an early age. Environmental farm 
differences would be included in the variance of differences 
among twin pairs, V(P), which would Inflate the heritabil­
ities. However if MZ twins resemble each other more with 
increasing age, more twins resembling each other less closely 
than those chosen at earlier ages would be selected, thus 
lowering heritabilities for weight and size. Genetic cor­
relations between growth traits and milk production traits 
have been essentially nil, so heritabilities of milk produc­
tion traits should not be influenced by phenotyplc selection 
based on weight and size. 
Realizing the above limitations, the following interpre­
tation of specific traits is offered. The skeletal measure­
ments of wither height, chest depth and pelvic length, along 
with chest girth, showed little Increase from including the 
genetic environmental interaction as being heritable. These 
were the traits with the highest heritabilities, and, except 
for pelvic length, were from the earlier-developing body 
parts. Hook width and body length are both late-developing 
and are influenced more by postnatal environment than are the 
other skeletal measurements. Body length has probably the 
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most error of measurement among the skeletal measurements 
and therefore any components in it should be more difficult 
to disentangle because of the masking effect of the measure­
ment error. Paunch girth is affected by error of measure­
ment and by fill, especially in the older animals, and also 
is greatly influenced by differences in age at which preg­
nancy begins. This is illustrated by the heritability of 
0.16 obtained for paunch girth at 24 months among split pairs. 
Finally, body weight was much influenced by the genetic envi­
ronmental interaction, as might be expected from its rela­
tively slow development. 
Heritability estimates from the Moorman Manufacturing 
Company herd for weight at monthly intervals are compared in 
Table 17 with those obtained from the Ankeny MZ uniform pairs. 
The ratio of y(p)^+^7(E) was used to compute the Moorman 
heritability estimates, where only one uniform ration was fed. 
The variance component between pairs, V(p)t measures the 
totality of effects which make one pair differ more from the 
mean of all twin pairs than would be expected from the dif­
ferences within pairs. The error component, 7(E), contains 
the variance within pairs caused by unknown factors which 
cause the members of the same pair to differ. None of the 
Moorman heritabilities differs significantly at the .05 level 
of probability from the corresponding Ankeny estimate. 
The Moorman heritabilities are more independent samples 
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Table 17. Comparison of MZ heritability estimates of weight 
Month Iowa State Uniform Moorman Mfg . Co. 
of age Estimate No. pairs Estimate No . pairs 
3 .78+.11 14 .81+.24 3 
4 .76+.21 5 
5 .76+.15 9 
6 .84+.08 14 .76+.11 12 
7 .86+.07 14 
8 .88+.06 17 
9 .84+.08 14 .84+.07 17 
10 . 88+. 06 17 
11 .91+. 04 18 
12 .91+.05 14 .95+. 02 18 
13 .95+.02 17 
14 .92+.04 20 
15 .80+.10 13 .95+.02 19 
16 .92+.04 18 
17 .92+. 04 20 
18 .89+.07 11 .86+.06 18 
19 .88+.06 18 
20 .84+.07 18 
21 . 8 6+ . 09 9 .93+.04 15 
22 .95+.02 15 
23 .82+.08 18 
24 .81+. 13 8 .90+.05 15 
25 •95+.03 13 
26 .94+.04 12 
27 .87+.08 10 
over the months than are those from the Ankeny data, because 
many of the Moorman twins were included for less than six 
monthly measurements. Every animal at any one age in the 
Ankeny clata had been included in computing all preceding 
heritabilities. The small number of observations at earlier 
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ages in the Moorman data complicate predicting time trends; 
however, the heritabilities Increase until they plateau at 
12 months. 
Contemporaneity Estimation 
Some method for discounting the environment which was 
common to twin pairs merely because they were contemporary, 
or nearly so, was sought. The MZ twin birth dates between 
December, 1955, and January, 1958, fell into seven nearly 
contemporary groupings as shown in Table 18. The mean age 
difference between twin birth dates within the contemporary 
groupings was 33 days. In order to investigate the effect 
of contemporaneity within these groups, the data were first 
adjusted by adding the mean difference between all the high 
and low ration MZ animals to the observed values of the low 
ration animals. The mean adjusted weights for the seven 
contemporary groups at various ages are shown in Table 19. 
The mean weights of the grouping, according to whether they 
were born in fall, winter or summer, are shown in Table 20. 
The seasonal groups -include more observations per class than 
do the contemporary groupings. However, more reduction in 
variance between the seasonal means is shown than would be 
caused by merely increasing the number per class when the 
seasonal means are compared to means of contemporary groups. 
The analysis of variance shown in Table 21 was used to 
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Table 18. Birth dates of MZ twin pairs 
Group 
number 
Pair 
number Date of birth Pairing8-
1 2 12-08-55 S 
3 12-20-55 S 
4 12-20-55 U-L 
5 12-07-55 U-H 
6 12-24-55 S 
2 9 1-08-56 U-H 
10 2-15-56 S 
13 2-27-56 U-H 
3 14 7-18-56 S 
15 8-17-56 S 
17 8—10—56 U-H 
19 9-18-56 S' 
4 23 10-08-56 S 
24 11-20-56 U-L 
25 11-29-56 U-H 
26 10-25-56 U-L 
5 29 1-04-57 U-H 
30 3-14-57 S 
31 4-28-57 S 
6 32 7-01-57 U-L 
33 7-29-57 U-H 
36 10-18-57 U-L 
7 39 12-06-57 S 
40 11-03-57 U-L 
41 1-06-58 U-H 
aS=split; U=uniform; H=high ration; L=low ration. 
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Table 19. Mean corrected weights of groups 
Animals Age in months 
Group per group 3 6 9 12 15 18 21 24 
1 10 197 347 510 663 828 1007 1145 1244 
2 6 181 303 481 613 769 880 1048 1115 
3 8 169 329 517 660 831 940 1094 1140 
4 8 178 339 518 658 781 895 1042 1216 
5 6 204 373 592 721 881 1019 1232 1364 
6 6 185 346 492 655 821 870 — 
7 6 170 299 468 610 743 
Table 20. Mean corrected weights of seasons 
Animals Age in months 
Groups per group 3 6 9 12 15 18 21 24 
Fall 
(1+4+7) 24 184 332 502 648 795 957 1099 1231 
Winter 
(2+5) 12 193 338 536 667 825 950 977 1177 
Summer (3+6) 14 169 336 496 658 827 917 1094 1140 
estimate the variance components when the twins were grouped 
contemporaneously and were considered as uniformly treated 
pairs. The variance component among contemporary groups, 
7(C), measures the total effects that make twin pairs born in 
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Table 21- Analysis of variance for adjusted data 
Source 
Between groups 
Between pairs/groups 
Members of a pair 
Total 
d.f. 
g-la 
n-g 
2n-l 
Expected mean square 
7(E) + 27(F) + k7(C) 
7(E) + 27(F) 
7(E) 
ag = number of groups ; n = number of twin pairs. 
one group resemble each other more than would twin pairs ran­
domly selected over the entire period - 7(F) and 7(E) are 
defined as for the Moorman uniform pairs, ignoring the effects 
of the genetic environmental interaction. 
The contemporaneity values from this analysis, 
y(p) + vTcj + 7(E) ' sre shown in Table 22. 
In general the contemporaneity values increase with ad­
vancing age. Weight, chest girth, body length and hook width 
are the traits most affected by contemporaneity after 12 
months of age. This would be expected, since they are late 
developing traits which should be more dependent upon post­
natal environment for their expression than are early develop­
ing traits. In contrast, the contemporaneity values for 
wither height diminish with increasing age. This is diffi­
cult to explain biologically. If an intra-uterine influence 
affected bone development among groups of contemporary cows, 
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Table 22. Contemporaneity values for adjusted MZ twins 
Age in months 
Trait 3 6 9 12 15 18 21 24 
Weight .04 .20 .47** .11 .26 .48** .49** .36* 
Chest girth .05 .09 .20 .06 .09 .38* .31 .43* 
Paunch girth -.24* -.30* .18 .07 .25 .07 .45* .21 
Wither height .35* .18 .21 .21 .24 .23 .24 .10 
Chest depth -.05 .01 .12 .16 .14 .31 .29 .35 
Pelvic length .19 .36* .35* .33* .15 .27 .23 .07 
Hook width .02 • 11 .21 .20 .15 .65* .46* .35* 
Body length .21 .15 .20 .23 .26 .41* .28 .30 
^Probability —.01. 
*Probability - .05. 
it would not be expected to influence one skeletal trait in 
their calves and not the other skeletal traits. Similarly 
differences in climatic conditions or nutrition in early life 
among contemporarily grouped calves would hardly be expected 
to influence skeletal traits differentially. Although the 
observations are not independent over time because a 
majority of the animals were observed at every age, ten of 
the 15 significant contemporaneity values occur after 1 year 
of age, and in no case after 12 months are the contemporaneity 
values negative. Therefore, if contemporaneity is indeed an 
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important source of variation, it is of increasing importance 
with advancing age, due perhaps to environmental conditions 
more diverse at this period than in early life. 
The heritabilities computed from the adjusted data, 
, are listed in Table 23. These compare very 
closely with those found in the split MZ pairs (Table 16). 
When the contemporaneity component, V(C) is included in the 
denominator, as shown in Table 24, y('py y(g)'.+ y(e) * tile 
heritabilities of all traits except paunch girth at 3 and 6 
months and chest depth at 3 months are consequently lower 
than those heritabilities that have been adjusted within age 
groups. 
Table 23. Heritabilities for MZ twins adjusted within 
age groups 
Age in months 
Trait 3 6 9 12 15 18 21 24 
Weight .77 .69 .71 .82 .66 .51 .68 .46 
Chest girth .75 .76 .80 .84 .67 .64 .80 .77 
Paunch girth .80 .96 .78 .76 .65 .61 .93 .28 
Wither height .81 .85 .82 .88 .86 .90 .79 .87 
Chest depth .84 .75 .84 .80 .70 .78 .79 .80 
Pelvic length .61 .62 .69 .79 .78 .77 .90 .30 
Hook width .78 .68 .64 .33 .74 .43 .77 .44 
Body length .64 • 65 .45 .77 .60 .56 .64 .67 
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Table 24. Heritabilities for MZ twins ignoring age group 
adjustments 
Age in months 
Trait 3 6 9 12 15 18 21 24 
Weight .73 .55 .38 .73 .48 .26 .35 .30 
Chest girth .71 .70 .65 .79 .61 .40 .55 .44 
Paunch girth .99 1.25 .64 .70 .49 .57 .52 .22 
Wither height .53 .70 • 66 .70 .65 .69 .60 .79 
Chest depth .88 .75 .74 .68 .60 .54 .56 .52 
Pelvic length .50 .40 .44 .53 .64 .56 .69 .28 
Hook width .76 .68 .51 .27 .62 .15 .42 .29 
Body length .53 .65 .36 .59 .44 .33 .46 .47 
Fourteen Holstein MZ twin pairs of the Moorman Manufac­
turing Company herd completed first lactation records between 
May, 1954 and May, 1959. All production records were con­
verted to a 305-day-2x-M.E. basis. The correction factors 
used were those of J. F. Kendrick, TJSDA, BDI-INF-162, Oct., 
1953. Heritability was computed as for the growth data, 
simply as y(E) • The results for milk, butterfat, and 
butterfat per cent are found in Table 25. The standard devi­
ations for both milk and butterfat production, 3,044 and 113.6 
pounds, respectively, are very high. Comparable values ob­
tained by Wadell (1959) on 13,747 D.H.I.A. 305-2x-M.E. records 
of 4,836 Holstein cows from 15 institutional herds from 1940 
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to 1958 were 2 ,521  pounds milk and 90 pounds butterfat on an 
inter-herd basis. On an intra-herd basis, he found 2,446 
pounds for milk and 88 pounds for butterfat. These values for 
Wade11 are themselves high, since in most studies of this 
kind, the intra-herd standard deviations have been more nearly 
of the order of 80 pounds for butterfat and 2,100 to 2,500 for 
milk. 
Table 25. First lactation milk and butterfat production 
Source d.f. Mean square V(P) Heritability 
Between pairs 
Within pairs 
Total 
Between pairs 
Within pairs 
Total 
Between pairs 
Within pairs 
Total 
Milk production 
13 17,138,781 7,588,736 
14 1,961,310 
27 9,268,981 
s = 3,044 
Butterfat production 
13 24,279 10,974 
14 2,330 
27 12,897 
s = 113.6 
Butterfat percentage 
13 .1955 .0810 
14 .0336 
27 .1115 
s = •334 
.80 
.82 
>71 
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Any difference in variance "between Wadell's purebred 
institutional herds and between the geographically more 
diverse sources from which the Moorman twins originate would 
cause the heritabilities to differ. The numerator of the twin 
heritability contains any genetic herd differences and carry­
over of environmental differences between herds which would 
make it higher than ordinary data if these are real. There 
is no precise way of evaluating the relationship among the 
herds from which most of the twins originate since most of 
the twins are from untested and non-pedigreed herds. However 
it is reasonable to expect that the genetic component between 
herds would be at least as large as that derived from Iowa 
institutional herds since in the past there probably has been 
more exchange of bulls among the institutional herds than 
among the herds from which the Moorman twins were selected. 
The reduction in variance between the Moorman twin herd and 
the Iowa institutional herds is something like 30 per cent 
of the variance in milk and 37 per cent in butterfat produc­
tion, which are far higher figures than have been reported as 
an estimate of genetic differences between herds. 
Breed differences that would be otherwise absent from 
conventional herltability would probably be found in the 
numerator of twin herltability. This possibility exists be­
cause few crossbred herds are in the D.H.I.A. program and 
none in the H.I.R. program, on which most herltability figures 
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are based. The only limitation on crossbred individuals 
entering a twin herd is that those crossbred twins which the 
examiner can detect visually are rejected, and no pedigree 
evaluation is done in choosing the twin pairs. 
Differences between pairs in contemporaneity are perhaps 
the major factor in inflating the pair component of twin lac­
tation heritabilities. Contemporaneity during growth and 
development before calving has been mentioned previously. In 
addition to this, an effort is made to have the members of a 
twin pair calve as closely together as possible. Thus any 
changes in management, milking personnel, climate or feed will 
affect the twin records at more nearly the same stage of lac­
tation than would be the case with relatives in other data. 
The 38 first lactation records averaged 13,324 pounds 
milk and 461 pounds butterfat. The 0.80 and 0.82 heritabil­
ities obtained for milk and butterfat production, are lower 
than the corresponding heritabilities found by Hancock (1954), 
0.90 and 0..86, respectively. Although this difference is not 
significant at the 0.05 level of probability, higher herlt­
ability values would be expected from the Moorman data if 
contemporaneity were important. The Ruakura twins were born 
within a 3-month interval while the Moorman twins were bom 
over an interval of 5 years. All of the Ruakura twins were 
brought to the experimental farm by 10 days of age, while the 
Moorman twins were purchased at any age up to early gestation. 
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The comparatively low twin herltability of 0.71 for 
butterfat percentage may be explained in part by less fre­
quent testing of the Moorman twins than either the Ruakura 
or Wiad twins. Testing was done at bi-weekly intervals at 
the Moorman experiment while the Ruakura and Wiad twins were 
tested almost daily. 
Ten MZ twin pairs from the Moorman herd each had three 
complete lactation records, averaging 14,597 pounds milk and 
493 pounds butterfat on a mature equivalent basis. The data 
were analyzed as shown in Table 26. 
Table 26. Analysis of variance for first through third 
lactations 
Source d.f. Expected mean square 
Lactations 2 7(TE) + 2V(PL) + 207( L) 
Pairs 9 V(TE) + 3V(PE) + 2V(PL) + 6V(P) 
Pair x lactation 18 V(TE) + 2V(PL) 
Cows/pair 10 V(TE) + 3V(PE) 
Records x cows/pair m V(TE) 
Total 59 
Definition of symbols : 
V(TE) - the variance caused by temporary environmental 
variations among records of the same cow 
V(PE) - the variance due to permanent environmental dif­
ferences between members of the same twin pair 
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V(PL) - the variance caused by pair-lactations, i.e. 
such variance as occurs because the two members 
of a twin pair change like each other but dif­
ferently from one lactation to another; i..£. 
to differences between pairs in their rate of 
maturity 
V(P) - the variance caused by the differences between 
twin pairs 
V(L) - the variance caused by the three lactations 
really differing from each other in their means; 
by average imperfections in the age cor­
rections used 
Results for milk, butterfat and butterfat per cent are 
shown in Table 27. Standard deviations of both milk and but­
terfat production, 2,775 and 103.5 pounds, are less than that 
of the first lactation records, as expected, because of carry­
over of environmental differences between herds affecting first 
lactation records more than later lactations. The actual vari­
ance components and their percentages of the total are shown 
Table 27. Analyses of variance for first through third 
lactation milk and butterfat production 
Mean squares 
Source d.f. Milk Butterfat Butterfat % 
Lactation 2 5,040,548 2,134 .003 
Pair 9 39,172,373 54,040 .407 
Pair x lactation 18 2,799,115 5,144 .081 
Cows/pair 10 1,565,989 1,497 .053 
Records x 
(cows/pair) 2& 1.291.264 1.705 .023 
Total 59 7,703,418 10,716 .104 
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in Table 28. 
Repeatability measures the degree to which the phenotypic 
expression of the character is free from temporary influences 
of diverse origin, or may be defined more simply as the corre­
lation between repeated measurements. In this instance re­
peatability (r) may be estimated as: 
_ _ V(P) + V(PE) 
~ V(P) + V(PE) + V(TE) + V(PL) 
Table 28. Milk, butterfat and butterfat per cent components, 
repeatabilities and heritabilities 
Milk Butterfat Butterfat % 
(Z) (^) (# 
V(TE) 1,291,264 16 1,705 15 .023 24 
V(PE) 91,575 1 -69 0 .010 10 
V(PL) 616,563 7 1,824 16 .009 10 
V(P) 6,062,210 74 8,149 69 .054 56 
V( L) 125.808 —2 -161 0 —. 002 _o 
V( Total) 8,187,420 100 11,678 100 .096 100 
Repeatability 
Herltability of 
a single record 
Heritability of 
three records 
.77 
.76 
.85 
,69 
.69 
,77 
.66 
.56 
.61 
87 
Repeatability sets the upper limit of herltability of a 
single record since it includes permanent environmental dif­
ferences common to both members of a twin pair plus permanent 
environmental differences peculiar to each twin member. Only 
the permanent environmental differences common to each twin 
pair are found in twin heritabilities. For these data, herit­
abilities were obtained as follows: 
Herltability of a single record = 
V(P) 
V(P) + V(PE) + V(TE) + V(PL) 
Herltability of three records = 
Y(P) 
V(P) + V(PE) + V(TE) + V( PL) 
3 
The small difference between repeatability and herlt­
ability of a single record demonstrates that differences in 
permanent environment between pair members, V(pE)t are neg­
ligible. 
Genetic Correlations 
The correlation between two traits, X and Y, on the same 
individual is the phenotypic, or observed, correlation between 
these traits- Since the phenotype is a function of genetic 
and environmental influences, the effect of environmental 
accidents which affect both the traits in question will be 
included in the phenotypic correlation. Hazel et al. (1943) 
advanced a method to separate a phenotypic correlation into 
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its genetic and environmental parts by using related animals. 
The more closely related the two animals were, the smaller 
would be the sampling error of the derived - correlations. 
Therefore MZ twins or isogenic lines should be ideal experi­
mental animals for this type of investigation if the environ­
mental correlation is zero between trait X in one member of 
the twin pair and trait Y in its twin mste. Although MZ 
twins have a common intra-uterine environment inasmuch as 
they both occupy the same uterus at the same time, they still 
provide s means of investigating the influence of different 
postnatal environments on genetic correlations when the 
environment of members of a pair is made different by varying 
rations, management or climate. 
Genetic correlations from MZ twins are unique because 
all the genetic effects, both additive and non-additive, for 
each trait are included in the correlation. In studies of 
other relatives only the additive and a fraction of the epi-
static or dominance deviations ere included in the "genetic" 
correlations. Most of the effects of dominance and of epi-
stasis go into the portion of the variance apparently caused 
by random environmental variations, along with the truly 
environmental effects peculiar to the individual animal. 
However any effects of a common intra-uterine environment 
and of any postnatal environment which is alike for both 
members of a pair but can vary from pair to pair go into 
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genetic correlations estimated from HZ twins. 
Estimates of genetic correlations were obtained by two 
computational methods, both advanced by Hazel (1943). In the 
first: 
/Cov(XY') Cov(X'Y) 
r(%Gy = / Cov(XX') Cov(YY') 
where the symbols are defined as follows: 
X - the phenotype of character X in animal A 
X« - the phenotype of character X in animal B 
Y - the phenotype of character Y in animal A 
Y' - the phenotype of character Y in animal B 
Z*GXGY iS genetic correlation between the animal's 
genotype for X and its genotype for Y. Genes with manifold 
or pleiotropic effects on the two characters usually produce 
these correlations. Linkage would be a cause only when the 
coupling and repulsion phases are not in the proportions they 
would be if the genes were combined at random. Such a dis­
equilibrium tends continually to be reduced by crossing-over, 
so is unlikely to be a cause of noticeable genetic correla­
tions except in populations coming from a recent cross of 
very distinct stocks. 
In the case of twins, the first member of the pair was 
used as animal A and the twin mate was used as animal B. 
In this product-moment method two correlations, r^i and r%iy, 
were obtained and averaged by taking the geometric mean. In 
the case of twins the environment common to the twin pair is 
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not removed. As mentioned by Touchberry (1951), correlations 
arising from environmental sources might be in both the 
numerator and the denominator, but they need not influence 
both in the same proportion. For example, common environ­
ment might conceivably raise the covariance of XX1 more than 
it raises that of XY'. Suppose that X were body weight and Y 
were wither height. It seems plausible that a wide range in 
nutrition would influence body weight more than it would 
wither height and this would tend to enlarge the denominator 
more than it would the numerator. 
Another method for estimating genetic correlations, ad­
vanced by Hazel .et al. (194-3), uses components derived from 
analyses of variance and covariance. This is the same in 
principle, but is computationally different and utilizes con­
veniently all possible pairings. In MZ twin data on uniform 
rations this may be shown as follows for characters X and Y: 
Variances: V(W%) + 2V(PX) V(Wy) + 2V(Py) 
Covariance: Cov(W^y) + 2Cov(P%y) 
Variances: V(W%) V(Wy) 
Covariance: Cov(W^y) 
Phenotypic and genetic correlations calculated by the 
product-moment method for 23 MZ twin pairs at 3 months of 
age and for 25 MZ twins at 6 months are presented in Tables 
29 and 30. The eight traits are coded as follows: 
Source d.f. 
Between 
pairs n-1 
Within 
pairs n 
Total 2n-l 
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Table 29. Genetic and phenotypic correlations between traits 
in twins at 3 months of age 
B C D E F G H 
A Ph. .93 .79 .81 .87 .77 .82 .83 
Ge. .93 .79 .86 .90 .84 .92 .93 
B Ph. .68 .81 .92 .76 .80 .74 
Ge. .69 .99 .98 .82 .86 .79 
C Ph. .46 .61 .45 .68 . 54 
Ge. .49 .63 .45 .69 .64 
D Ph. .81 .79 .69 .76 
Ge. .88 1.08 .76 .86 
E Ph. .75 .78 .72 
Ge. .89 .80 .78 
F Ph. .64 .84 
Ge. .73 .97 
G Ph. .67 
Ge. .82 
A - weight E - chest depth 
B - chest girth F - pelvic width 
C - paunch girth G - hook width 
D - wither height H - body length 
The genetic correlations at 3 months in Table 29 corre­
spond rather closely with the phenotypic correlations, and as 
expected for growth traits the genetic correlations are equal 
to or larger than the phenotypic correlations in all cases. 
As Touchberry (l95l) noted, if genetic factors were the only 
factors affecting the variables studied, then the genetic 
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Table 30- Genetic and phenotypic correlations between traits 
in MZ twins at 6 months of age 
B C D E F G H 
A Ph. .91 .82 ' .75 .86 .78 .85 .88 
Ge. .89 .82 .77 .87 .79 .86 .92 
B Ph. .71 .74 .95 .75 .79 .77 
G-e. .70 .75 .96 .74 .79 .80 
C Ph. .40 .61 .50 .60 . 55 
Ge. .37 .61 .44 .58 .52 
D Ph. .77 .83 .70 .84 
Ge • .79 .88 .72 .89 
E Ph. .76 .78 .82 
Ge. .77 .78 .86 
F Ph. .76 .83 
Ge. .72 .91 
G- Ph. .85 
Ge. .85 
correlations should equal the phenotypic correlations. With 
environment playing an important part on the variables the 
net result would be an increase in the variation. This would 
lead to the phenotypic correlations being lower than the gen­
etic correlations unless the environmental effects were cor­
related. Even if the environmental effects were correlated, 
they would have to be more highly correlated then were the 
genetic causes to increase the phenotypic correlation more 
than the genetic correlation. 
At 6 months the genetic and phenotypic correlations 
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agree even more closely than at 3 months. Eight of the 28 
genetic correlations In Table 30 are less than their corre­
sponding phenotypic correlations. Five of these instances 
involve paunch girth. This is influenced by environment more 
than are the skeletal measurements, such as chest girth, 
wither height, chest depth, hook width and pelvic length. 
At this age, when both split and uniform pairs are analyzed 
en masse ignoring the ration effect, very close agreement 
exists between the phenotypic and genetic correlations. 
Phenotypic and genetic correlations were calculated for 
14 uniform MZ twin pairs and 11 split MZ twin pairs at 12 
months as shown in Tables 31 and 32. The uniform genetic cor­
relations were computed on an intra-ratlon basis and again 
exceed the phenotypic correlations in all except four cases. 
In general there is little difference between either the 
phenotypic or genetic correlations among the 3 month overall, 
6 month overall and the 12 month uniform groupings. Within 
this time period there seems to be no detectable difference 
in the magnitude of the correlations. 
The 11 split MZ pairs at 12 months, however, act in a 
paradoxical manner when compared to the other groupings. The 
phenotypic correlations are in most instances less than the 
corresponding correlations found at earlier ages, which would 
be expected if genetic environmental interaction were a real 
thing or if the environmental correlations were less in the 
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Table 31. Genetic and phenotypic correlations between traits 
in uniform MZ twins at 12 months of age 
B G D E F G H 
A Ph. 
Ge. 
.97 
.98 
.86 
.86 
.83 
.85 
.83 
.85 
.83 
.79 
to 
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00 
00 .85 
.93 
B Ph. 
Ge. 
.79 
.81 
.88 
.91 
.91 
.93 
.81 
.83 
.82 
.85 
.83 
.93 
C Ph. 
Ge. 
.53 
.54 
.60 
.58 
.60 
.67 
.64 
.62 
.56 
.60 
D Ph. 
Ge. 
.90 
.97 
.74 
.80 
.69 
.73 
.86 
.94 
E Ph. 
Ge. 
.75 
.84 
.74 
.76 
.83 
.87 
F Ph. 
Ge. 
.54 
.58 
.68 
.82 
G Ph. 
Ge. 
.93 
.83 
split than in the uniform group because the ration difference 
affected different characters in different ways. The genetic 
correlations are less than the corresponding phenotypic cor­
relations in 18 of the 28 comparisons. Six of the seven 
genetic correlations involving chest girth and six of the 
seven genetic correlations involving hook width as one of 
the covariates were less than their corresponding phenotypic 
correlations. 
Genetic and environmental correlations derived from 
analyses of variance and covariance for the 12 month split 
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Table 32. Genetic and phenotypic correlations between traits 
in split MZ twins at 12 months of age 
B C D E F G H 
A Ph. 
Ge. 
.93 
.83 
.58 
.42 
.76 
.85 
.81 
.87 
.75 
.78 
.57 
.09 
.79 
.79 
B Ph. 
Ge. 
.47 
.36 ^
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.86 
.97 
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.58 
.54 
.01 
.70 
.49 
C Ph. 
Ge. 
.48 
.48 
.35 
.39 
.30 
.13 
.02 
— «41 
.28 
.11 
D Ph. 
Ge. 
.70 
.61 
.76 
.77 
.51 
.28 
.82 
.87 
E Ph. 
Ge. 
.66 
.62 
. 56 
.32 
.66 
.52 
F Ph. 
Ge. 
.43 
.24 
.90 
.95 
G Ph. 
Ge-
.56 
.34 
and uniform MZ twins are found in Tables 33 and 34. The 
genetic correlations listed in Tables 31 and 32 were computed 
by the product-moment method and correspond to those found 
in Tables 33 and 34 which were computed from components of 
variance and covariance. For example for the uniform MZ twins 
r^ A^ B ec*ua"'"s In Table 31 and .98 in Table 33; and in the 
split MZ twins, equals .83 in Table 32 and .84 in Table 
34. 
Close agreement of the genetic correlations is shown 
between the two computational methods in both the split MZ 
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Table 33. Genetic and environmental correlations between 
traits in uniform MZ twins at 12 months 
B C D E F G H 
A En. 
Ge. 
.87 
.98 
.87 
.86 
.58 
.85 
.72 
.84 
.44 
.79 
.68 
.89 
.40 
.93 
B En. 
Ge. 
.61 
.82 
.54 
.92 
.25 
.93 
.60 
.83 
.51 
.87 
.42 
.94 
C En. 
Ge. 
.47 
.54 
• 61 
. 56 
.09 
.59 
.69 
.63 
.34 
.60 
D En. 
Ge. 
.05 
.96 cd
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) 
.29 
.75 
.28 
.96 
E En. 
Ge. 
.28 
.83 
.58 
.76 
.47 
.90 
F En. 
Ge. 
.15 
.60 
—. 04 
.83 
G En. 
Ge. 
.41 
.85 
twins (Tables 31 and 33) and in the uniform twins (Tables 32 
and 34). Six of the 23 corresponding genetic correlations in 
Tables 31 and 33 differ by .05 or more for the split pairs, 
while only one of the 28 genetic correlations differs by this 
much in the uniform pairs (Table 32 compared with Table 34). 
In both the split and uniform comparisons, paunch girth is 
found in the divergent correlations more frequently than any 
other trait. 
The genetic covariances were analyzed to explain the 
discrepancy between the product-moment and the variance-
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Table 34. Genetic and environment correlations between traits 
in split MZ; twins at 12 months 
B C D E F G H 
A En. 
Ge. 
.98 
.84 
.72 
.52 
.47 
.87 
.37 
.87 
.32 
.78 
.79 
.09 
.30 
.79 
B En. 
Ge. 
.68 
.37 
.42 
.54 
.42 
.97 
.29 
.59 
.81 
.01 
.45 
.50 
C En. 
Ge. 
.00 
.53 
-.17 
.39 
.26 
.22 
.53 
-.44 
.09 
.20 
D En. 
Ge. 
.85 
.62 
.45 
.77 
.60 
.38 
.32 
.88 
E En. 
Ge. 
.27 
.62 
.52 
.34 
.51 
.52 
F En. 
Ge. 
.26 
.24 
.49 
.95 
G En. 
Ge. 
.32 
.38 
covariance methods of computing genetic correlations. The 
pair covariance components used in computing genetic correla­
tions in Tables 33 and 34 were denoted as Method III, and com­
pared with the corresponding product-moment covariances divid­
ed by their degrees of freedom used in computing Tables 31 and 
32, i.E.* the geometric means of the covariances XY1 and X'Y. 
The arithmetic means of the product-moment covariances, 
Cqv(XY ) + Cqv(X Y]^  no^  useà in this study, were computed 
and compared with the results of the other two computed 
covariances of the 12 month split end uniform MZ twins in 
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Table 35. 
The arithmetic mean of the product-moment genetic covari­
ance is equivalent to the pair variance component in the split 
MZ twins. In the uniform MZ twins close agreement also exists 
between CQV P%y and XY )—t Gov(X Y_) However in only four 
of the 28 cases is the Gov P%Y term smaller than the corre­
sponding Cov(XY ) + Cov(XY ) ^ erEe This result may be ex­
plained in the uniform case because in essence two correction 
terms, ) ^d. ( ^ x'ere subtracted from the 
covariance sums in the product-moment method, while the cor­
responding term in the varlance-covariance method would be 
( ZX +£X' )( ^ Y +£Y' ) 4 , 
: g n  i f  t h e r e  w e r e  n  t w i n  p a i r s .  T h e r e f o r e  
a larger component is subtracted in the product-moment method 
than in the variance-covariance method unless the ^  X =£X' end 
2X = ^ Y* . 
The arithmetic mean and the geometric mean product-moment 
covariances of the split twins do not agree closely. However 
in the uniform twins the arithmetic means and the geometric 
means of the product-moment covariances show close agreement. 
This is explained because the covariances XY' and X'Y vary 
less in the uniform than in the split pairs. In practice 
the difference between the arithmetic and the geometric means 
of the product-moment genetic covariances would not occur on 
an intra-herd basis because ration differences between rela­
tives would not be this extreme. 
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Table 35- Genetic covariance terms for split and uniform MZ 
twins at 12 months obtained by three different 
computational methods 
Uniform pairs Split pairs 
Method Method 
Traits I9- 11%) Ilic I II III 
AB 335.6 335.6 337.8 105.4 103.2 103.9 
AC 529.4 529.4 534.9 131.1 106.2 131.1 
AD 219.2 219.0 220. 5 139.4 136.8 139.4 
AE 97.1 95.5 97.9 58.0 57.8 58-0 
AF 79.8 78.7 79.6 47.1 46.9 47.1 
AG 107.6 106.8 108.8 40.0 d 40.0 
AH 271.3 271.1 272.1 101.2 101.2 101.2 
30 38.86 38.85 39.21 8.27 8.22 8.27 
BD 18-22 18.22 18.34 7.77 6.87 7.75 
BE 8.28 8.25 8.32 5.75 5.75 5.75 
BP 6.50 6.50 6.50 3.15 3.09 3.15 
BG 8.10 7.98 8.18 .06 d .02 
BH 21.07 20.98 21.06 5.73 5.60 5.73 
CD 19.48 19.48 19.67 15.38 14.11 15.38 
CE 9.39 9.19 9.55 4.75 4.74 4.76 
CF 9.51 9.48 9.56 2.37 1.43 2.38 
CG 10.49 10.40 10.67 -3.62 -3.37 -3.62 
CH 24.32 24.31 24.46 4.69 2.55 4.70 
DE 6.46 6.43 6.48 4.72 4.68 4.72 
DF 4.69 4.68 4.69 5.34 5.33 5.34 
DG 5.31 5.18 5.33 1.92 1.45 1.98 
DH 16.02 15.96 16.16 12.92 12.82 12.92 
EF 2.19 2.19 2.18 1.78 1.78 1.77 
EG 2.38 2.37 2.41 .69 .69 .73 
EH 6.76 6.52 6.82 3.18 3.18 3.18 
FG 1.66 1.60 1.67 .46 .46 .45 
FH 5. 50 5.43 5.47 5.26 5.24 5.26 
GH 6.62 6.59 6.72 1.56 1.41 1.56 
aMethod I =. Ogv(XÏ') + C°v(X'Y)_ 
^Method II = /Cov(XY') CovlX'Y). 
cMethod III = Gov PxY• 
^Covariances differed in sign. 
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The environmental correlations computed "by the ratio of 
variance components -within pairs are large and significant 
for both the split and uniform pairs at 12 months. . This 
illustrates that unconfounded genetic correlations cannot 
be estimated from these data because of the common environment 
found within pairs. The genetic correlations are generally 
one-tenth more for the uniform than for the split pairs at 
12 months as is shown by comparing Tables 33 and 34. 
The hazard in making any broad generalization in regard 
to the effect of split and uniform environments is shown 
when the results of other studies are analyzed. Johansson 
and Korkman (1950) calculated genetic correlations in swine 
between full sib litter mates and between full sibs from 
different litters and obtained the results shown in Table 
36. 
Table 37 shows the genetic and phenotypic correlations 
computed on 14 pairs of Holstein MZ first calf heifers from 
the Moorman Manufacturing Company herd. The correlation be­
tween per cent butterfat and milk are lower negatively than 
usually found, and the correlation between per cent butterfat 
and butterfat are higher than usual. These data consist 
entirely of first lactation records, contrasted to data used 
for most studies of these relationships. Perhaps the heifers 
in better condition at calving would tend to produce more high 
101 
Table .36. Genetic correlations between different traits of 
full sibs of the same sex when the animals are 
born in the same and in different litters 
Genetic correlations 
Full sibs from 
Traits correlated Litter mates different litters 
Backfat thickness -
belly thickness 
Backfat thickness -
carcass length 
Backfat thickness -
fat firmness 
Carcass length -
belly thickness 
Carcass length -
ham size and shape 
Carcass length -
fat firmness 
Carcass length -
age at slaughter 
Fat firmness -
ham size and shape 
testing milk persistently than would older cows in equally 
good condition. This would raise the genetic correlation 
between butterfat per cent and butterfat and decrease the 
negativity of the genetic correlation between butterfat per 
cent and milk. The correlations found by Hancock (1954b), 
listed in Table 37, on MZ twins are more nearly in agreement 
with other data than are the Moormen correlations. However, 
-0.14 
-0.15 
-0.21 
0.07 
—0 • 10 
-0.11 
-0.09 
0.23 
-0.45 
-0.42 
-0.17 
0.20 
-0.09 
-0.23 
0.10 
0.34 
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Table 37. Genetic and phenotypic correlations on lactation 
studies on twins 
Pounds butterfat Per cent butterfat 
Moorman Mannfacturlng Company data on 14 MZ twin -pairs 
Pounds milk Ph. .92 -.09 
Ge. .92 -.04 
Pounds butterfat Ph. .30 
Ge. .32 
Hancock's data on New Zealand MZ Jersevs 
Pounds milk Ph. .92 -.28 
Ge. .87 -.52 
Pounds butterfat Ph. .12 
Ge. -.03 
with the small number of pairs, sampling error may be account­
able for the divergence of the Moorman data. 
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DISCUSSION 
-The use of" cattle twins in research has evolved through 
several phases. LiHie (1916) and other early workers studied 
freemartins and questioned whether MZ twins occured in cattle. 
Later Lush (1924) and (1929) described two sets of twins that 
were so similar that they seemed likely to be MZ. The first 
real attempt to collect twin data was made by Kronacher (1932) 
and co-workers at Berlin. Their work was concentrated on 
questions of diagnosis, and only a few experiments on very 
few pairs were conducted. Bonnier in 1937 was the first to 
use MZ twins for feeding experiments. Experiments on feeding 
levels are still being conducted and from these trials both 
heritabilities and genetic correlations have been obtained by 
Hancock (1954b) and by Bonnier (1948 ). The Edinburgh group 
is also using MZ and DZ twins and paternal half sibs to esti­
mate genetic parameters. Hancock (1954b) kept twins under 
three different farming conditions to investigate the effect 
of these management regimes on production. Wiener (1959) and 
also the Swedish workers are presently introducing both MZ 
and DZ twins into herds with different production levels to 
measure the genetic differences between herds and also genetic 
environmental interactions. The present concern over this : 
ill-defined interaction component emphasizes-its intrinsic 
importance in animal breeding. The interaction terms found 
. 
in the Iowa data must be regarded as preliminary and appli--
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cable to ration differences that cause a weight difference of 
approximately 260 pounds at calving. The large variance of 
the interaction.- component, ViX)} computed from the difference 
between the error terms in the split and in the uniform 
groupings is shown by: 
Variance of X = 
P (pair x ration m.s.)^ + (members of a pair m.s.)^ 
I d.f. + 2 d.f. +2 J 
In general the genetic environmental interaction seems 
negligible during the first three tri-monthly measurement 
periods, but increases in magnitude during the second year 
of growth. The ration component would probably be smaller 
within commercial herds than in the twin experiment unless 
the herds were analyzed on a seasonal basis, i.e. if calves 
which were reared on pasture excellent in quality were com­
pared with calves fed poor quality roughage during the same 
age period. In most Instances the ration component reached 
a maximum at 15 months. Apparently animals on the low ration 
continue growth at a more rapid rate after this time than do 
those on the high ration. Perhaps this time-lag in develop­
ment, induced by ration differences, could account for enough 
of a divergent response to cause a true genetic environmental 
interaction. The Ankeny data indicate that the interaction 
component is real after 12 months, and accounts for from 
"2 to 10 per cent of the total variance for most traits. 
In comparing MZ twin heritabilitj.es from these data with 
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these derived from other twin projects, differences in breeds, 
methods of measurement, environment, and the genetic consti­
tution" of the sampled.herds must be considered. 'Iowa State 
University and Moorman Manufacturing Company data both come 
from Holsteins native to the same geographic area and are 
contemporary in time. Measurements for a given age are taken 
on one day, butterfat tests are made biweekly, and alfalfa 
hay and silage are fed free choice in both these herds. In 
summer the Moorman twins are pastured and the Iowa State twins 
are fed soilage sd lib. Therefore the results from these two 
twin projects should be more comparable than ere those from 
other twin projects presently in operation. New Zealand twins 
come from a high grade Jersey population derived by continued 
use of Jersey bulls on a base which was largely Shorthorn, 
Ayrshire and other breeds. In the New Zealand work, measure­
ments for each age are taken as moving averages of five con­
secutive weekly measurements. As shown in Table 38 averaging 
several consecutive weights apparently raises the estimate for 
heritability more at younger than at older ages. This is in 
good agreement with Donald (1958), who states that animals 
which have been handled frequently from birth onwards have 
no fear of calipers or the act of measurement and stand more 
quietly than those which have not been handled as much. 
Therefore a station conducting weekly measurements, should have 
less random error in their later measurements than one where" 
the animalé are measured less frequently. Donald further 
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Table 38. Comparison of heritability estimates from single 
and averaged weights from Hancock's Table V (1954) 
(weeks) V(P) V(E) v(p) + y CE) Heritabili ty 
4 Single 131 21 152 .86 
Av. 138 14 152 .91 
16 Single 517 29 546 .95 
Av. 506 22 522 .97 
28 Single 466 88 554 .84 
Av. 500 76 576 .87 
40 Single 662 154 816 .81 
Av. 787 116 903 .87 
52 Single 1,847 51 1,898 .97 
Av. 1,626 57 1,673 .97 
64 Single 2,961 116 3,077 .96 
Av. 2,519 97 2,616 .96 
76 Single 3,276 108 3,384 .97 
Av. 2,848 115 2,963 .96 
88 Single 2,686 293 2,979 .92 
Av. 2,517 168 2,685 .94 
found that when monthly fat tests were used for twins the 
heritability of butterfat per cent was 10 per cent lower than 
when the observations were made weekly or even oftener. Han­
cock ( 1954b) found that heritability of milk decreased from 
0.95 to 0.93 when the records used were one day1s data each 
month Instead of averaged daily yields. Comparable herit-
abilities for bùtterfat production declined from 0.93 to 
0.90, and for butterfat per cent from 0.96 to 0.85. Hancock 
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concluded that the higher heritabilities from twin data are 
chiefly due to having eliminated a. large portion of the un­
controllable environmental variation which usually exists 
in field data. Bonnier and Hansson (1946) studied Swedish 
Red and White twins which were divided between a high and low 
plant of nutrition. -All high plane cattle received the same 
amount of feed at equal ages and all the low plane animals 
received the same, but less than did the high plane cattle. 
The animals were weighed biweekly and measured monthly up to 
24 months; then the different measurements were plotted 
graphically and the "true" measurements were read from this 
curve. 
It is easy to understand why the estimates obtained 
under differing methods, both of measurement and management, 
in Sweden and Iowa should diverge somewhat. For example the 
Swedish workers have not allowed the animals much chance to 
eat according to their appetites, while other investigators 
have not restricted them as much. The variance component be­
tween pairs, V"(P), in the Swedish data, when using an.' average 
of several, adjacent weights instead of the single weight at 
the exact age, would consequently be larger in proportion to 
the total variance than occurred in the Iowa data. Conversely 
the Iowa data were taken over a longer time interval than 
were the Swedish data. This would tend to increase V(p) be­
cause- environment in adjacent time periods is almost certain 
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to be more alike than in periods further apart- Variability 
in the Swedish high plane of nutrition was larger than in the 
low plane• This was not found in the Iowa data. 
Heritability may be computed, as is often done in studies 
of human twins, by doubling the difference between the DZ and 
the MZ error mean souares to estimate the genetic portion. 
This analysis was not done with these data since few Dz, pairs 
were available. As Lush (1948b) points out, although this 
method of obtaining heritability by difference of error mean 
squares avoids thè difficulty of common environment, it over­
estimates heritability in the broad sense by It 
remains reasonably accurate if dominance and epistasis are 
unimportantly small. However in the error mean square for 
the uniform pairs, is present in the DZ term and not 
in the MZ term, so at least part of the interaction term is 
also included in heritability in this method. 
In comparing twin heritabilities with those obtained from 
field data, certain differences are worth noting. Records 
kept on twins' hâve been more accurate than those on field 
data. The averaging of measurements and of daily butterfat 
tests have already illustrated this. The genetic base of 
twin herds is probably wider than that found in field data 
computed from D.H.I.A. and H.I.R. records but computed on an 
intraherd basis. Twins are scarce enough that they are 
never culled once they have been found and brought to the 
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station. Instead all records are used. This contributed to 
the high standard deviation of milk and butterfat production 
in the Moorman data. Genetic variance between herds is in­
cluded in .the between pairs component, while in field" data the 
analyses are mainly run on an-intra-si-re or intra-herd basis-: 
to remove the real differences between herds and also the 
effects of time trends• Between ration effects are discounted 
from the total twin variance, which is not done in field data. 
This may raise twin heritability a small extent, but any dif­
ferences within rations go into the error component in both 
field data and twin data. The grain feeding levels for this 
experiment were chosen as being near the extremes which actu­
ally would be found between herds. Probably the ration dif­
ferences would not be this extreme within any commercial herd. 
However differences in net energy consumption from season to 
season would perhaps be this extreme within commercial herds 
if extremely lush pasture or soilage were fed in the summer 
and roughages of poor quality were consumed in the winter. 
Any effects of preferential feeding would be most pro­
nounced in estimates of heritability derived from daughter-
dam regressions If certain cow families were favored, but this 
would not affect paternal half sib estimates. Environmental 
changes which occur from time to time over periods of a few 
months would affect the paternal half sib estimates since 
110 
paternal half sibs are largely contemporaneous while daughter 
and dam practically never are. 
Contemporaneity certainly exists in these data, but is • 
difficult to discount from the" heritabilities. This discount-
° . 
' ' .. „ „ V , -• 
ing may be done in two ways. A- direct experimental method . 
would be to nurchase both paternal half sibs and unrelated 
animais born contemporaneously with the MZ twin pairs and to 
subtract the intraclass correlation found between contemporary 
unrelated animals. The paternal half sibs could be used in a 
similar manner to estimate the effect of contemporaneity on 
heritability that is mainly additively genetic. 
A statistical method to estimate contemporaneity would 
be to analyze the MZ data in contemporary groups as was pre­
viously computed in this paper and subtract this intraclass 
correlation from the heritabilities. This contemporaneity 
estimate would be for calves born some average time apart 
and would be only an approximation of the contemporaneity of 
calves born the same day. Also neither it nor the experi­
mental method gives any means of discounting similarity due 
to common prenatal environment-. If the major causes con­
tributing to. contemporaneity .are very similar for calves born 
within a month of each other in this "study •= (e.g. 'thev-silage 
may. be of poor quality for one season3 climatic ' extremes ' e • o » 
affect calves of adjacent monthly ages, very similarly, flies 
and insects are seasonal, methods of milking and the"disease 
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level-are more similar between adjacent months than between 
non-adjacent months, etc.), the contemporaneity estimate 
should include most of its actual effects. Considerable time 
and expense involved in maintaining non-twins for. contempo-
raneity comparisons could be saved if the approximation were 
reliable. Obviously different contemporaneity figures would 
be needed for each character and at each age studied. As 
Brumby (1958) noted, prenatal environment and the contempo­
raneity of the twins affected growth markedly, whereas these 
two factors had little effect on milk production. 
Factors influencing weight at -3 months seemingly had 
little residual effect on later growth processes. This was 
not the case for the skeletal traits at the same age. A much 
larger proportion of mature growth is completed for a charac­
ter such as wither height at this time, and therefore a 
larger part—whole correlation between 3 month and later 
observations is automatic. Hancock (1954b) shows that often 
the heavier twin at 4 weeks may be the lighter twin at 24 
weeks of age. The environmental influence that has caused 
the one MZ twin to be larger than its mate does not persist 
"long. Martin (1955) hypothesized that weight and mature size 
were more closely.associated genetically than were birth 
weight and early growth-. During esrly eges the inherent size 
• a o 0 o ® 
of the° animal, and the birth weight have little effcct on 
E » 
growth, as compared to the many environmental stresses and 
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strains• Following the adjustment period the inherent size 
factors in the animal exert themselves to cause the animal to 
grow at a raté sufficient to reach the inherited mature size• 
Genetic correlations may be caused by manifold effects 
of genes (pleiotropy), linkage of genes, or if different in­
tensities or directions of selection for various characters 
had been practiced in the herds from which the twins were 
purchased. Ihis would tend to make different groupings of 
genes rare or abundant in different herds. Most other 
studies of genetic correlations have been done on an intra-
herd basis and therefore have not been concerned with the 
consequences of such difference s between herds. Linkage can 
cause genetic correlation*;: only if the coupling or repulsion 
phases are not equally frequent. Pleiotropy would cause 
genetic correlations regardless of the type of population 
encountered. 
As mentioned previously, genetic correlations between 
MZ, twins involve- both additive- and non-additive genetic 
effects, whereas such correlations estimated, from other data 
correlate only the additive plus a small fraction of the 
epistatic effects and sometimes a. little of the dominance, 
therefore'if the environmental correlations in the present 
twin, studies can be evaluated and discounted, the total 
genetic influence, of dominance and epistatic as well as 
additive, on different traits may be ascertained. The genetic 
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and environmental correlations between split twins in these 
data have both generally been less than the corresponding 
ccorrelations found in the uniform twins. The environmental 
=, correlations should decrease in this manner if genetic 
environmental interaction exists since the amount of grain 
fed differs in the split pairs. If the treatment effect 
lowered uniformly the measurement of the low plane animals 
from that of the high plane animals, the environmental cor­
relation between members of the split pairs should be the 
same as between members of the uniform pairs. Therefore, 
aside from sampling errors, the genetic correlation should 
remain constant whether between uniform pairs or between 
split pairs If the environmental correlations and herit-
, abilities are precisely determined. However if the genetic 
environmental interaction were included in the pair com­
ponents of genetic correlations of the uniform and not of 
the split pairs, the results would differ. Any study to 
pursue this further should require considerable data. Four­
teen uniform MZ pairs and 11 split pairs are scanty data 
on which to base conclusions on genetic correlations, even 
if the results have been= rather consistent. 
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SUMMARY 
Data on 25 MZ twin pairs and 13 DZ twin pairs froir the 
Iowa State University identical twin project were studied to 
find the effect of high and low grain feeding on growth from 
3 to 24 months of age. Differences in weight "between the 
two planes of nutrition steadily increased from 14 pounds at 
5 months to 66 pounds at 12 months and 162 pounds at 21 
months. After 15 months the animals on the low plane appar­
ently continue growth at a more rapid rate than do those on 
the high plane. Contemporaneity values were calculated to 
correct the data for effects of temporary and unrecorded 
environmental changes that make twin pairs born in one period 
resemble each other more than pairs picked at random from 
different time periods. Late developing traits (weight, 
body length and hook width) were most affected by contempo­
raneity after 12 months of age. When the contemporaneity 
component was included in the denominator (but not in the 
numerator) of the heritabilities, heritability of all traits 
except paunch girth was lowered approximately 10 to 15 per 
cent. 
The genetic environmental interaction, obtained by dif­
ference of the error terms of split and of uniform MZ pairs 
seems negligible during the first year of growth and then 
generally accounts for from 2 to 10 per cent of the total 
variance in the second year of growth. 
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f Heritabilities were computed for all traits at trimonthly 
intervals throughout the growth period and were, as in other 
twin experiments, high. Traits with the highest heritabil-
ities, wither height, chest depth, pelvic length and chest 
girth, showed the least increase when the genetic environ­
mental interaction was included as being heritable. Hook 
width and body length were influenced more by postnatal envi­
ronment than were other skeletal measurements. Paunch girth 
was affected most by fill and by differences in start of 
pregnancy. Body weight was much influenced by the genetic 
environmental interaction, as would be expected from its 
relatively slow development. Heritabilities of weight from 
the Moorman Manufacturing Company twin herd did not differ 
significantly from corresponding Iowa State heritabilities 
for weight. 
Heritabilities were computed on first lactation milk and 
butterfat production from 14 MZ twin pairs from the Moorman 
herd. Heritabilities of 0.80, 0.82 and 0.71 were found for 
milk production, butterfat production, and butterfat per 
cent, respectively. The cows averaged 13,324 pounds milk 
and 461 pounds butterfat on a 305-day mature equivalent 
basis. 
Genetic correlations were computed between all traits 
of split and uniform MZ twins at 12 months of age- The envi­
ronmental correlations were large for both the split and 
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uniform pairs. The genetic correlations were generally one-
tenth more for the uniform than for the split pairs. Genetic 
correlations involving butterfat per cent and production 
traits were higher than those reported by other workers. 
In split MZ twins at 12 months the arithmetic mean of 
the product-moment covariances between two traits on differ­
ent members of a twin pair corresponded more closely to the 
pair covariance component from an analysis of covariance 
than did the geometric mean of product-moment covariances 
between different members of a twin pair. However the large 
ration differences in this experiment would not be found in 
field data analyzed on an intra-herd basis. 
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